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A particular characteristic of plant aspartic proteinases is the presence of an 
approximately 100 amino-acids long insertion, highly homologous to both saposins and 
saposin-like proteins and whose physiological function is currently unknown – the 
Plant Specific Insert (PSI). This PSI domain is characterized by a closely packed globular 
structure comprised by five amphipathic α-helices linked to each other by three 
disulfide bridges. 
This domain’s importance in vacuolar trafficking has already been 
demonstrated in transient expression experiments using tobacco protoplasts 
expressing a PSI-lacking phytepsin. However, additionally to the PSI’s involvement in 
protein sorting to the plant vacuole, this domain’s properties in inducing vesicle 
leakage in vitro has been demonstrated, a result that suggests plant aspartic 
proteinases might be bifunctional molecules, acting both as membrane-destabilizing 
agents and proteinases. 
Recently, a novel AP has been discovered in Chlamydomonas reinhardtii. Its 
characterization has revealed a series of intriguing features, such as an 80 amino-acid 
long alanine-rich insertion in the PSI domain, as well as a chloroplastidial subcellular 
localization, both of which had never been reported for typical aspartic proteases, 
turning this novel proteinase, chlapsin, into a most promising model for studying the 
molecular mechanisms associated with the PSI’s role in protein sorting. 
This study focused in the preparation of the molecular tools required for the 
study and characterization of this algae’s novel PSI domain, whose function in protein 
sorting is currently unknown, in particular the manipulation of PSI-focused mutant 
versions of the original chlapsin proteinase. A constant parallelism was maintained 
with cardosin A’s PSI domain, which has been demonstrated to be a vacuolar sorting 
determinant, in the attempt to understand the level of evolutionary conservation 
associated to these mechanisms. Recombinant cardosin A PSI was also purified and 
used in the search for putative binding partners in the native system, in the attempt to 
further our understanding about the unique molecular mechanisms associated to this 
unusual vacuolar sorting determinant. 
 
Key Words: Plant Specific Insert; Aspartic Proteinases; Chlamydomonas reinhardtii; 
Protein Sorting 
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Uma particularidade associada às proteinases aspárticas vegetais prende-se 
com a presença de uma inserção de aproximadamente 100 aminoácidos, que 
demonstra um elevado nível de homologia com proteínas pertencentes à família das 
saposinas, cuja função fisiológica ainda não foi completamente elucidada – o Plant 
Specific Insert (PSI). Este domínio caracteriza-se pela sua estrutura globular compacta, 
composta por cinco hélices-α anfipáticas unidas entre si por três pontes dissulfeto. 
A importância deste domínio no trânsito vacuolar foi já demonstrada em 
trabalhos de expressão transiente de moléculas truncadas da fitepsina, em 
protoplastos de tabaco. Apesar do seu envolvimento no direcionamento de proteínas 
para o vacúolo, Egas e colaboradores também demonstraram as propriedades deste 
domínio na despolimerização de membranas facilitando a libertação de conteúdos 
vesiculares in vitro, um resultado que parece apontar para uma bifuncionalidade 
inerente a estas proteases, capazes de atuar tanto como agentes desestabilizadores de 
membranas biológicas, como agentes proteolíticos. 
Mais recentemente uma nova protease aspártica foi descoberta na microalga 
Chlamydomonas reinhardtii. A sua caracterização revelou uma série de aspetos 
curiosos, como uma inserção rica em alaninas com aproximadamente 80 aminoácidos, 
no domínio do PSI, assim como a sua acumulação no cloroplasto, o que torna esta 
proteinase (chlapsina) num modelo interessante para o estudo dos mecanismos 
moleculares associados à função do PSI no direcionamento de proteínas. 
Este estudo focou-se na obtenção das ferramentas moleculares necessárias ao 
estudo e caracterização do domínio PSI desta nova proteinase, cuja função no 
direcionamento intracelular de proteínas ainda é desconhecida, através da 
manipulação de mutantes focados neste domínio. Um paralelismo constante entre a 
chlapsina e a cardosina A (cujo domínio PSI já foi comprovado como sendo um sinal de 
endereçamento vacuolar) foi mantido durante este trabalho, na tentativa de 
compreender o nível de conservação evolutiva associado a estes mecanismos, através 
da comparação entre os dois sistemas – alga e planta. O PSI recombinante da 
cardosina A foi também purificado e utilizado na procura de interatores presentes no 
sistema nativo, na tentativa de aprofundar o nosso conhecimento atual sobre os 
mecanismos moleculares associados a este sinal de endereçamento vacuolar, que se 
tem vindo a revelar tão único. 
 
Palavras-chave: Plant Specific Insert; Proteinases Aspárticas; Chlamydomonas 
reinhardtii; Direcionamento de Proteínas.
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Figure 1) Schematic representation of the endoplasmic reticulum – Golgi apparatus 
interface. Protein sorting is accomplished through COP vesicles – COPI vesicles are 
responsible for retrograde transport of ER-resident proteins, such as chaperones and 
receptors, whereas COPII vesicles are responsible for the anterograde transport 
between the ER and the cis Golgi. Listed are also some of the identified motifs for ER 
export and retrieval of proteins. ER – Endoplasmic Reticulum, COP – Coatmer Protein.  
Adapted from Matheson et al., 2006. .............................................................................. 5 
Figure 2) Represented are some of the still unresolved questions in the area of plant 
protein sorting – the GA is a particularly important organelle for directing proteins to 
both vacuoles, but also the chloroplast. Some open questions regard the role of this 
organelle in the sorting of proteins to other subcellular destinations, such as the 
peroxisome, or the mitochondrion. ER – Endoplasmic Reticulum; PSV – Protein Storage 
Vacuole. Adapted from Matheson et al., 2006. ............................................................... 7 
Figure 3) Major protein sorting pathways towards the plant vacuoles – Proteins located 
at the lumen of the ER, destined towards the lytic vacuole, are translocated to the GA, 
where they are recognized by the receptor BP-80. This receptor directs the formation 
of CCVs and releases its cargo at the MVB, due to a sudden drop in pH. Storage 
proteins, destined towards the PSV mostly reach this organelle after being packaged in 
Golgi-derived DVs, but some cases have been described (particularly in pumpkin 
cotyledons), in which precursor aggregates are sorted into PAC vesicles that leave the 
ER and fuse directly with the PSV, bypassing the GA. CCV – Clathrin Coated Vesicle, DV 
– Dense Vesicle, ER – Endoplasmic Reticulum, LV – Lytic Vacuole,  MVB – Multi 
Vesicular Body, PAC – Precursor Accumulating (Vesicle), PSV – Protein Storage Vacuole, 
PVC – Prevacuolar Compartment. Adapted from Jolliffe et al., 2005. ........................... 10 
Figure 4) Schematic representation of nucleus-encoded protein sorting pathways 
towards the chloroplast – these include the TOC-TIC pathway, that requires a cleavable 
transit peptide, and is responsible for most protein sorting towards this organelle, as 
well as the recently described non-canonical pathway, through the endomembrane 
system. IM and IMS pathways – Inner-envelope-membrane and intermembrane space 
pathways, nDNA – nuclear DNA, pDNA – plastid DNA. Adapted from Inaba and Schnell, 
2008. ............................................................................................................................... 11 
Figure 5) Schematic representation of cardosin A processing steps, as an illustrative 
example of AP processing. During sorting, the initial zymogen precursor is exposed to 
varying pH values and proteolytic enzymes, which results in the cleavage of the SP, 
prosegment and PSI domains. The final, mature form is present in the vacuole and 
shows proteolytic activity. Pro – Prosegment, PSI – Plant Specific Insert, SP – Signal 
Peptide. ........................................................................................................................... 13 
Figure 6) All constructs to be tested in Chlamydomonas reinhardtii were to be fused 
with a green fluorescent protein previously optimized towards the codon-bias of this 
algae (CrGFP). These encompassed the native and truncated chlapsins, as well as the 
native and truncated cardosin A. All mutations were associated with the PSI domain. 21 
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Figure 7) All constructs to be tested in Arabidopsis thaliana are represented above. The 
cardosin A constructs were already fused to the fluorescent protein mCherry, but we 
decided to fuse the newly generated chlapsin constructs to a different fluorescent tag 
– the fluorescent protein mBanana. .............................................................................. 22 
Figure 8) Restriction analysis and molecular weight determination for the screening of 
fluorescent protein cDNA constructs. The CrGFP cDNA was analysed in pCR Blunt (A), 
and pDBLe (B) through an NdeI/Eco RI double restriction. mBanana cDNA was 
successfully cloned into pCR Blunt and positive clones determined through Bam HI/Sal 
I double restriction (C). The molecular weight standard used was GeneRuler™ DNA 
Ladder Mix (Fermentas). ................................................................................................ 48 
Figure 9) Restriction analysis and molecular weight determination for the screening of 
cardosin A (A) and cardosin AΔPSI (B) – CrGFP fusions. Both cDNA fusions were 
successfully cloned into pCR Blunt and positive clones were assayed through Hind III 
restriction analysis. The molecular weight standard used was GeneRuler™ DNA Ladder 
Mix (Fermentas). ............................................................................................................ 48 
Figure 10) Positive clones of chlapsinΔPSI (A) and chlapsinΔAla (B) fused to the cDNA 
sequence of CrGFP in the expression pDBle vector were determined by Ava I restriction 
mapping. Native chlapsin fused to CrGFP was successfully cloned into pCR Blunt and 
positive clones were assayed by Eco RI restriction mapping (C). The molecular weight 
standard used was Fermentas’ Gene Ruler™ DNA Ladder Mix. .................................... 49 
Figure 11) Native chlapsin (A) and the truncated chlapsinΔPSI (B) and chlapsinΔAla (C) 
constructs were successfully amplified by PCR reaction and cloned into pCR Blunt. 
Positive clones were identified by Nde I/Sal I double restriction. The molecular weight 
standard used was Fermentas’ GeneRuler™ DNA Ladder Mix. ..................................... 49 
Figure 12) Chlamydomonas reinhardtii strain CC-3056 was used for the zeocin titration 
experiment. Liquid cultures were initiated and maintained as previously described 
(Section 2.2.3), in the presence of increasing zeocin concentrations. The antibiotic was 
shown to completely inhibit growth for all concentrations tested. .............................. 50 
Figure 13) All three Chlamydomonas strains were incubated with NP-40 for testing 
against the presence of cell walls. The strain CC-48 is known to possess a cell wall and 
thus was used as a negative control. Both CC-406 and CC-3056 strains are currently 
labelled as cw15 walless mutants, though the latter shows tolerance to the detergent 
treatment. ....................................................................................................................... 51 
Figure 14) Sensitivity of the three different Chlamydomonas strains to the non-ionic 
detergent P-40. By using the equation presented in the methodology (Section 2.2.5) 
we estimated the cell lysis suffered by each Chlanydomonas reinhardtii strain after 
being incubated in a non-ionic detergent solution for 10 minutes. CC-48 is a widely 
used strain with a cell-wall, and was used as a negative control. Coincidentally, and 
even though both CC-406 and CC-3056 strains were labelled as cw15 mutants, the 
latter shows a much higher degree of resistance towards NP-40. ................................ 52 
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Figure 15) Non-infected wild type plants were analysed under the laser scanning 
confocal microscope after being grown in the multiwell system for autofluorescence 
screening. Images were taken with the same settings as those used for GFP (A), 
mCherry (B), and chlorophyll (C). The Nomarski differential interference contrast (D) is 
presented for comparison. Bars: A-D, 100 µm. .............................................................. 53 
Figure 16) Subcellular localisation of mCherry-tagged cardosin A (A), cardosin AΔPSI (B, 
C), and cardosin A’s PSI domain (D, E and F). All constructs were transiently expressed 
in Arabidopsis thaliana using vacuum-mediated Agrobacterium infiltration. Images 
were taken at 3 days post-infiltration and ..................................................................... 54 
Figure 17) Ultrastructural micrographs of Chlamydomonas reinhardtii strain CC-48, 
using a standard cacodylate buffer fixation protocol. The cell culture was grown for 4 
weeks prior to processing. General view of the cells (A, D) shows an overall turgid 
appearance. The most delicate membrane structures also appear highly disorganized 
and detached from the cells (B). The internal membranous structures have a warped 
and disorganized appearance (C). Scale Bars: A, B, D, 2 µm; C, 0.5 µm......................... 55 
Figure 18) Ultrastructural micrographs of Chlamydomonas reinhardtii strain CC-48 
using the gelatine pre-inclusion step. The cell culture was grown for 4 weeks prior to 
processing.  The gelatine matrix can be seen all around the cells, stabilizing membrane 
structures in particular the plasma membranes, as can be observed in recently divided 
cells (A, F). Internal structures appear contained and with sharper detail (C-E), allowing 
for the identification of the chloroplast’s internal membrane structures, at high 
amplifications (E). Ch – chloroplast, CW – Cell Wall, Fl – Flagellar attachment structures, 
N – Nucleus, Nc - Nucleolus, Pyr – Pyrenoid, St – Starch Grain, V – Vacuole. Scale Bars: 
E, F, 2 µm; A, D, 1 µm; B, 0.5 µm; C, 200 nm. ................................................................. 56 
Figure 19) A dilution series was performed with the crude extract. Optimum substrate 
and pH values were employed for detection of AP proteolytic activity. Due to the 
extract’s deep green colour and its tendency to precipitate at acidic pH, the generation 
of background noise capable of disrupting fluorescence determination increased, with 
increasing extract volumes. ............................................................................................ 58 
Figure 20) Proteolytic Activity Determination. Seedling extract proteolytic activity was 
assayed with the aid of MCA-bound peptide substrates, activity being detected 
towards the Bz-Arg and PC peptides. The assays were further repeated in the presence 
of pepstatin A and AEBSF for further confirmation of the protease families involved. 59 
Figure 21) Zymogram against the first fractions of the seedling pull-down at pH 8.0 (A) 
and pH 4.5 (B). Lanes represent, from left to right, crude extract (1), extract protein 
washout (2), first PBS wash (3) and second PBS wash (4). The zymogram reveals slight 
proteolytic activity at pH 8.0, wish is abolished at lower pH values. An SDS-PAGE of the 
seed extract is presented (C), for a crude comparison of the amount of protein loaded 
in the first lane of each zymogram ................................................................................. 59 
Figure 22) SDS-PAGE of the protein fractions pulled-down with cardosin A’s 
recombinant PSI domain. Electrophoretic separation of the different fractions reveals 
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very faint bands in the saline elutions (B – lanes 1 to 4 – red arrows), that are absent in 
the negative control, where no GST-PSI was immobilized to the sepharose matrix prior 
to the pull-down protocol (C). L – Molecular Weight Marker, 1 and 2 – first two low-
salt elutions (250 mM NaCl), 3 and 4 – first two high-salt elutions (1.4 M NaCl), 5 and 6 
– first two glutathione elutions. ..................................................................................... 61 
Figure 23) Western Blotting against both the PSI and the GST-tag reveals the presence 
of the GST-PSI fusion protein in the glutathione elution fractions (Lanes 1 and 2, in all 
membranes). Membranes A and B were probed with an anti-PSI antibody (both the 
whole-serum and the affinity chromatography elution fraction, respectively), whereas 
membrane C was probed with a commercial anti-GST antibody. No signal was detected 
in the salt elutions, for any of the antibodies (not shown). ........................................... 61 
Figure 24) The ChloroP software (version 1.1) was used in the prediction of putative 
chloroplast transit peptides. The short version of the report (shown above) 
summarises the insufficient probability value for the detection of one such peptide, 
further hinting at a pathway independent of the TOC-TIC translocon complex. .......... 63 
Figure 25) N-Glycosylation Potential for cardosin A. Despite the relatively low N-
glycosylation potential detected at positions 139 (60.36%) and 432 (53.63%), the 
presence of these glycan structures have been experimentally confirmed through 
Endo-H and PNGase F digestion assays. ......................................................................... 64 
Figure 26) N-Glycosylation Potential for cardosin B predicts the presence of three N-
linked glycans, each in a different protein domain. At the 34 kDa mature chain’s N139, 
at the PSI’s N252 and at the 14 kDa mature light chain’s N397. ................................... 64 
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1.1. Scientific Framework for the Dissertation 
Plant aspartic proteases (APs) have been studied and well characterized both in 
terms of their biochemistry and their tissue accumulating patterns, but much is still 
unknown about their physiological roles and intracellular sorting. Over the last years, 
an internal segment of these enzymes – the plant specific insert (PSI) – has been 
identified as possessing sorting information towards the vacuole. Recent work in our 
group has further expanded our understanding of these domains, by demonstrating 
that cardosin A’s PSI domain is not only sufficient for vacuolar sorting, but can also 
direct this sorting through a Golgi-independent pathway (Pereira, 2012). 
The recent isolation and characterization of a novel algal AP – chlapsin – has 
revealed yet another example of diversity in what is already a highly plastic domain, as 
the isolated PSI domains possess little conservation in terms of amino-acid profiles 
(Almeida et al., 2012). 
In this sense, we were particularly interested in further expanding our analysis to 
this novel PSI domain, in order to determine if it also possesses targeting information, 
as well as expanding the current knowledge on the molecular mechanisms associated 
with this domain’s sorting capacity. This dissertation thus attempted to develop a 
multi-disciplinary approach towards solving these problems (detailed in Chapter 2), 
relying both upon molecular biology (Section 2.1) and biochemistry (Section 2.4), and 
with an in-depth bioinformatics analysis for the identification of relevant novel 
scientific questions (Section 2.5). For this purpose, a literature survey of both the 
higher plant endomembrane system, and the model APs used was required, and is 
presented in Chapter 1. 
 
1.2. The Endomembrane System 
One of the defining characteristics of the eukaryotic cell is the presence of 
different, functionally distinct, subcellular compartments (or organelles) carefully 
maintained by intricate membrane structures. Responsible for the maintenance of the 
biochemical characteristics of each one of these compartments is a complex transport 
system – the endomembrane system (Alberts et al., 2008). 
Despite the many similarities to other eukaryotic organisms, the 
endomembrane system of higher plants displays a particular subset of features that 
may be associated with adaptive specializations in membrane trafficking, such as the 
absence of an ER-Golgi intermediate compartment, the presence of numerous Golgi 
stacks or a set of different types of vacuoles (Jürgens, 2004). 
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1.2.1. The Endoplasmic Reticulum 
The endoplasmic reticulum (ER) in higher plants is a highly dynamic network, 
whose movement and structure is acto-myosin dependent. This organelle is 
responsible for a wide array of functions as diverse as protein and phospholipid 
synthesis, protein quality control and export, and calcium storage (Sparkes et al., 2011). 
Morphologically the ER involves the nuclear envelope, reaching outwards towards 
the cell’s cortical region, possessing a series of functionally distinct sub-domains 
(Jürgens, 2004). 
 
Non-cytosolic proteins, such as water-soluble proteins, whose final destination is 
the lumen of an organelle, are generally imported to the interior of the ER. This import 
is mediated by an ER signal sequence, responsible for the initiation of their 
translocation towards the ER membrane, which is generally associated with the 
protein’s NH2 terminus region and composed of hydrophobic residues. (Alberts et al., 
2008). 
The ER is also the first place for protein N-linked glycosylation, as well as protein 
folding quality control. In fact, soluble proteins whose folding is deemed as incorrect 
are exported back to the cytoplasm where they are degraded.  
The ER is thus the first stop for proteins en route to other subcellular locations 
through the endomembrane system. In fact, the so called default pathway, for 
proteins that possess no other sorting determinant, other than an ER-insertion motif, 
is the export from the ER, to the GA and eventually to the plasma membrane and 
extracellular space, through bulk-flow. Other proteins that possess sorting motifs 
directing them towards other cellular organelles may be redirected at any point of this 
default pathway, towards their final destination (Jürgens, 2004). 
 
 
1.2.2. The ER-Golgi Apparatus Interface 
Anterograde protein transport from the ER to the Golgi apparatus takes place at 
specialized subdomains of the ER, which are termed “ER export sites” (ERES). This 
transport is mediated by the ER membrane-associated guanine nucleotide exchange 
factor Sec12, and the cytosolic Sar1p guanosine triphosphatase (GTPase), which is 
responsible for the recruitment of the coatomer protein II (COPII) (Hawes et al., 2008).  
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Retrograde transport between the GA and the ER is mediated by COPI vesicles, 
which have long been known to be associated with the plant Golgi bodies. In fact, their 
function is thought to be pivotal for ERES integrity, but the lack of reliable markers has 
impaired further developments in this field of study (Hawes, 2012). It is known, 
however, that these COPI vesicles mediate membrane recycling, as well as receptors’ 
and other ER-resident proteins’ recycling processes (Figure 1). 
In mammalian cells, the ERES can be readily distinguished through morphology 
alone, as rough ER membranes devoid of any ribosomes. In many instances, these 
regions form tubular and vesicular clusters capable of microtubule-mediated 
long-range transport. Protein-wise these sub-domains are particularly rich in 
components of COPII-coated membranes, SNARE proteins required for membrane 
docking and fusion, and putative cargo receptor proteins (Hawes, 2012). 
In plants this situation is complicated by the fact that, so far, the presence of 
coated ER membranes or structures that could be identified as putative ERES has never 
been observed with conventional transmission electron microscopy techniques. More 
recently, with the advent of live cell imaging, a tight association between the GA and 
the ER has been noticed, giving rise to the concept of the secretory unit, in which the 
two organelles are hypothesized as being connected as the ERES and Golgi stacks 
move together in tandem (da Silva et al., 2004). Indeed, recent work by Hawes and 
colleagues, has demonstrated quite elegantly through the use of infrared laser beams 
(also known as optical tweezers) the physical association between these two 
Figure 1) Schematic representation of the endoplasmic reticulum – Golgi apparatus interface. Protein sorting is 
accomplished through COP vesicles – COPI vesicles are responsible for retrograde transport of ER-resident 
proteins, such as chaperones and receptors, whereas COPII vesicles are responsible for the anterograde transport 
between the ER and the cis Golgi. Listed are also some of the identified motifs for ER export and retrieval of 
proteins. ER – Endoplasmic Reticulum, COP – Coatmer Protein.  Adapted from Matheson et al., 2006. 
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organelles, as well as hinting towards the possible presence of tethering protein 
complexes at this interface (Sparkes et al., 2009). 
 
In the vast majority of differentiated plant cells, the ER seems to adopt a tubular 
morphology, with Golgi bodies predominantly associated to either these ER tubules, or 
the curved patches of membrane belonging to ER cisternae, thus hinting at the 
restriction of ER export sites to ER membranes with a high degree of curvature (Hawes, 
2012). 
 
 
1.2.3. The Golgi Apparatus 
Initially observed in plant cells through electron microscopy techniques as closely 
apposed lamellae or cisternae, morphologically similar to the Golgi stacks previously 
described in mammalian cells (Hawes and Satiat-Jeunemaitre, 2005), the Golgi 
Apparatus is a major site for carbohydrate biosynthesis, being responsible for the 
production of hemicellulose and pectin of the cell wall in plants, or the 
glycosaminoglycans of the extracellular matrix in animals (Albert et al., 2008), as well 
as a major sorting station responsible for the correct delivery of protein cargo to a 
wide range of different destinations (Jürgens, 2004). 
A particular characteristic of plant cells is that they may possess up to as much as 
hundreds of Golgi stacks, each one functionally subdivided in cis, medial and 
trans-cisternae, based on enzyme activity and followed by a trans-Golgi Network (TGN), 
less extensive than the one present in most animal cells. These stacks are highly 
mobile and dynamic structures, and can usually be co-localized with ER strands. There 
are currently no known sequences for Golgi retention of resident proteins, though 
their transmembrane domains and cytosolic tails are thought to play a role (Jürgens, 
2004). 
Particularly important in cell physiology, the GA compartment receives most of the 
ER-processed proteins, even though ER export may in very particular situations by-pass 
this organelle by a number of mechanisms. Once uptaken these proteins are then 
further processed, in particular in terms of glycosylation or lipid modification (Hawes 
and Satiat-Jeunemaitre, 2005). 
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1.2.4. The Trans Golgi Network and Post-Golgi Trafficking 
The trans Golgi Network is arguably one of the most important sorting stations of 
the plant cell. Often associated with the trans face of the GA, the plant TGN is involved 
in more than just the secretory trafficking of proteins. It is at this level that most 
non-secreted proteins are redirected towards their final destinations, particularly 
towards the different types of vacuoles (Figure 2) (Jürgens, 2004; Matheson et al., 
2006). Considered by some authors as homologous to the mammalian early endosome 
(EE) due to it being labeled with FM4-64 dyes (Richter et al., 2009), structural 
characterization of the different plant endosomal compartments has proven difficult 
by their highly dynamic nature (Kang et al., 2011). Currently the existence of both an 
EE/TGN and a late endosome (LE)/PVC/MVB is accepted, although some ADP 
ribosylation factor-GTP exchange factors (ARF-GEFs), such as GNOM, are believed to 
be contained in a third endosomal compartment – the recycling endosome (Richter et 
al., 2009). 
 
Figure 2) Represented are some of the still unresolved questions in the area of plant protein sorting – the GA is a 
particularly important organelle for directing proteins to both vacuoles, but also the chloroplast. Some open 
questions regard the role of this organelle in the sorting of proteins to other subcellular destinations, such as the 
peroxisome, or the mitochondrion. ER – Endoplasmic Reticulum; PSV – Protein Storage Vacuole. Adapted from 
Matheson et al., 2006. 
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This structural characterization is not without discussion however, as though some 
authors consider the TGN a new compartment, independent of the GA (Foresti and 
Denecke, 2008), others regard it simply as the trans-most cisternae of the GA (Hawes 
and Satiat-Jeunemaitre, 2005). 
The TGN is considered the subcellular localization where the secretory and 
endocytic trafficking pathways meet. This compartment is known to produce both 
secretory vesicles (SVs) and clathrin-coated vesicles (CCVs) (Kang et al., 2011), and 
their correct targeting and subcellular accumulation is assured through the action of 
several proteins and factors, such as small GTPases and soluble N-ethylmaleimide 
sensitive factor adaptor protein receptors (SNAREs) (Jürgens, 2004; Richter et al., 
2009). 
 
 
1.2.5. Plant Vacuoles, their Diversity and their Targeting Determinants 
Plant cells are particularly rich in vacuolar diversity, with differences in size, 
morphology, content, and function being apparent. In fact, vacuoles whose functions 
have been deemed related can sometimes vary greatly in a tissue or species-
dependent manner (Jürgens, 2004). 
Currently, two major types of vacuole (each with a different function) have been 
identified – lytic vacuoles (LVs), the equivalent to the yeast vacuole or the mammalian 
lysosome, are acidic compartments whose primary function is that of degradation and 
waste storage or disposal. Protein storage vacuoles (PSVs) are primarily found in seeds 
and serve as a storage reservoir for proteins such as globulins, whose importance in 
seed germination as storage nutrients have long been reported (Frigerio et al., 2008; 
Jürgens, 2004). Initially differentiated through the pH values of their luminal 
compartments, protein storage and lytic vacuoles have been historically stained with 
pH-dependent dyes or marked with antibodies against specific tonoplast intrinsic 
protein (TIP) isoforms (Frigerio et al., 2008). 
It is important to note that these vacuoles are highly dynamic entities, capable of 
co-existing in the same cells, fusing together, or forming de novo, as has been 
previously demonstrated in studies resorting to evacuolation treatments of tobacco 
leaf protoplasts (Di Sansebastiano et al., 2001). 
 
In mammalian cells, the major sorting pathway of acid hydrolases to the lysossomal 
lumen is mediated through the mannose-6-phosphate receptor (MPR) and dependent 
upon clathrin-coated vesicles at the TGN level.  
In higher plants, the endomembrane system and the problematic of protein sorting 
is complicated by this sytems’ vacuolar diversity. The presence of two types of 
vacuoles, sometimes in tandem, necessarily implies the existence of different sorting 
mechanisms for each one of these organelles (Paris et al., 1996). These mechanisms 
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rely upon the presence of protein-encoded information (vacuolar sorting 
determinants; VSDs), generally in the form of sequence specific VSDs (ssVSDs). These 
ssVSDs can be subdivided into N-terminal propeptides (NTPPs), first described in the 
propeptides of sweet potato prosporamin and barley proaleurain, and C-terminal 
propeptides (CTPPs), which were first identified in the C-terminal peptides of barley 
lectin and tobacco chitinase (Neuhaus and Rogers, 1998), and more recently 
reclassified as C-terminal VSDs (ctVSDs). 
A third type of vacuolar sorting determinant is the physical structure VSD (psVSD). 
These less studied VSDs have been identified primarily in storage proteins and might 
be formed either by internal peptide sequences or by specific structural topologies 
formed upon achieving the protein’s correct folding and conformation (Matsuoka and 
Neuhaus, 1999). 
 
The elucidation of protein sorting towards the protein storage vacuole has been 
complicated by the fact that no consensus motif has so far been identified. It is known, 
however, that some PSV proteins exit the GA at the TGN level inside dense vesicles 
(DVs), which were so named due to their electron-dense morphology in ultrastructural 
studies. These DVs are formed at the cis-most Golgi cisternae and advance towards the 
trans-most stacks via cisternal progression, although the exact mechanisms behind 
protein sorting from the GA towards the interior of these DVs are still unknown 
(Robinson et al., 2005). 
An alternative pathway towards the PSV begins at the level of the ER and seems to 
be responsible for leading aggregated precursors of storage proteins from the ER 
directly towards the PSV. Initially observed in developing pumpkin cotyledons, this 
sorting is mediated by precursor accumulating (PAC) vesicles – very large (200-400 nm) 
vesicles – which bypass the Golgi in their traffic towards the vacuole. This role for 
aggregation in protein sorting is still poorly understood, and the molecular machinery 
responsible for pinpointing the locale of aggregation (ER vs Golgi), or detecting its 
presence in the first place, is still largely unknown (Figure 3) (Vitale and Raikhel, 1999). 
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1.2.6. Chloroplast-Associated Trafficking Routes 
Plastids are a highly divergent group of vital organelles in plants, whose biogenesis 
and maintenance relies on the import of thousands of nucleus-encoded proteins. The 
high degree of complexity of these structures, and in particular of the chloroplast, has 
resulted in the evolution of at least four different import pathways capable of 
targeting proteins into, and across the plastid’s double membrane (Liu and Chiu, 2010). 
 
The unexpected discovery that some proteins can be directed towards the 
chloroplast through the secretory pathway was possible due to the study of several 
models, in which the presence of ER signal peptides was described, despite their 
chloroplast stromal subcellular localization. Further confirmation was obtained 
through the application of pharmacological drugs, capable of inhibiting ER to GA 
export routes, as well as glycosylation analysis, which was revealed to be of typical 
Golgi topology (Chen et al., 2004; Nanjo et al., 2006; Vilarejo et al., 2005). 
 
At least four different targeting systems have evolved for the import of nucleus-
encoded proteins into this organelle, after synthesis on the cytoplasm (Figure 4). This 
includes the recent, non-canonical pathway, in which the protein is transported 
Figure 3) Major protein sorting pathways towards the plant vacuoles – Proteins located at the lumen of the ER, 
destined towards the lytic vacuole, are translocated to the GA, where they are recognized by the receptor BP-80. 
This receptor directs the formation of CCVs and releases its cargo at the MVB, due to a sudden drop in pH. 
Storage proteins, destined towards the PSV mostly reach this organelle after being packaged in Golgi-derived 
DVs, but some cases have been described (particularly in pumpkin cotyledons), in which precursor aggregates are 
sorted into PAC vesicles that leave the ER and fuse directly with the PSV, bypassing the GA. CCV – Clathrin Coated 
Vesicle, DV – Dense Vesicle, ER – Endoplasmic Reticulum, LV – Lytic Vacuole,  MVB – Multi Vesicular Body, PAC – 
Precursor Accumulating (Vesicle), PSV – Protein Storage Vacuole, PVC – Prevacuolar Compartment. Adapted from 
Jolliffe et al., 2005. 
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through the secretory pathway, en route to the chloroplast, as well as the major 
import pathway, which relies upon the translocon at the outer envelope membrane 
(TOC) and the translocon at the inner envelope membrane (TIC), each of which 
specialized on the import of a given sub-set of preprotein subclasses (Inaba and Schnell, 
2008; Li and Chiu, 2010; Brandizzi, 2011). 
 
The first pathway to be described was the one based upon the TOC-TIC translocon 
machinery. Genome analysis of several vascular plant species suggests that this 
pathway may be responsible for up to 90% of all chloroplast protein import. Proteins 
destined towards this pathway are encoded as preproteins with a cleavable N-terminal 
signal peptide, which has been shown to be both necessary and sufficient for 
redirecting proteins from the cytoplasm towards the stroma of this organelle (Inaba 
and Schnell, 2008). 
The TOC translocon contains a central membrane channel, responsible for the 
formation of a stable complex with two transit peptide receptors. These receptors 
then mediate recognition of preproteins by binding specifically to their transit peptides 
and initiating the transfer process in a GTP-dependent manner (Inaba and Schnell, 
2008).  
The TOC translocon directly associates with the translocon present in the inner 
membrane (TIC), effectively forming an uninterrupted channel for preproteins, 
between the cytoplasm and the stroma. During this process, molecular chaperones 
Figure 4) Schematic representation of nucleus-encoded protein sorting pathways towards the chloroplast – these 
include the TOC-TIC pathway, that requires a cleavable transit peptide, and is responsible for most protein 
sorting towards this organelle, as well as the recently described non-canonical pathway, through the 
endomembrane system. IM and IMS pathways – Inner-envelope-membrane and intermembrane space 
pathways, nDNA – nuclear DNA, pDNA – plastid DNA. Adapted from Inaba and Schnell, 2008. 
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present at the cytosol, intermembrane space and stroma, all bind to the preprotein, 
maintaining it in an unfolded state and supplying the system with the driving force 
needed for the translocation reaction, and the proteins’ proper folding, assembly or 
suborganellar targeting (Inaba and Schnell, 2008).  
In chloroplasts only a small number of proteins have so far been localized to the 
intermembrane space. Of the small number of proteins that have been studied, 
N-terminal cleavable signal peptides, resembling transit peptides, have been described. 
 
 
1.3. Enzymes – Proteinases 
Enzymes are proteins with catalytic activity, whose main function is that of 
facilitating the chemical reactions that occur inside the cell. Their generally high degree 
of specificity towards certain substrates and functions also allows for a high level of 
optimization and metabolic control by the cell. Starting in 1992 the Nomenclature 
Committee of the International Union of Biochemistry and Molecular Biology 
(NC-IUBMB) published a standardized version of enzyme nomenclature, still in use 
today. 
Currently, six different classes of enzymes are recognized, based on the type of 
chemical reaction they catalyze. In particular, hydrolytic enzymes, whose function is 
the hydrolysis of covalent bonds, are generally named after their substrate, followed 
by the suffix “-ase”. 
The peptidase subclass (EC 3.4) is comprised by molecules responsible for the 
hydrolysis of peptide bonds and can be further sub-divided into smaller groups, 
depending on the catalytic motifs, 3D structure and catalytic mode of action (Mutlu 
and Gal, 1999). 
 
1.3.1. Plant Aspartic Proteinases 
Aspartic proteinases (APs) (EC 3.4.23) are widely distributed among most kingdoms 
of life, from viruses to higher plants and mammals, where they play important roles in 
protein degradation (Simões and Faro, 2004; Mutlu and Gal, 1999). The latest version 
of the MEROPS database (http://merops.sanger.ac.uk/) lists 16 different families of 
APs, which group enzymes based on their amino acid sequence homology (Rawlings et 
al., 2012). 
 
Like all other APs, plant APs are active primarily at acidic pH values and are 
specifically inhibited by pepstatin A, a hexapeptide produced by Streptomyces sp. 
When comparing the catalytic motifs however, a difference is observed – contrary to 
APs of mammalian origin, whose aspartic acid residues are contained inside the typical 
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Asp-Thr-Gly (DTG) motif, plant APs contain the triad Asp-Ser-Gly (DSG) at one of the 
two catalytic triads (Simões and Faro, 2004). 
So far, plant aspartic proteinases have been identified in a wide variety of species, 
from gymnosperms such as Pinus, to monocotyledons (e.g. Hordeum vulgare, Zea 
mays and Oriza sativa) and dicotyledons (e.g. Arabidopsis, Brassica, Cynara 
cardunculus, Solanum tuberosum, Nicotiana tabacum and Solanum lycopersicum) 
(Pissarra et al., 2007). 
Mostly found in seeds and inflorescences, these enzymes accumulate primarily in 
protein bodies, where they are believed to be involved in the processing of precursor 
storage proteins, though APs have also been isolated from other tissues, such as leaves 
or pollen grains, and can be found in other cellular compartments, be it vacuoles, the 
cell wall, or the extracellular space (Mutlu and Gal, 1999). 
The vast majority of these enzymes are produced as single-chain preproenzymes, 
being later converted to their mature form, which can be either single or two-chain 
(Figure 5). Plant AP precursors tend to have a high degree of similarity in terms of 
primary structure and are characterized by the presence of a hydrophobic N-terminal 
signal peptide which is responsible for their import into the ER, followed by a 40 
amino-acids long prosegment, responsible for zymogen inactivation during its transit 
through the endomembrane system (Simões and Faro, 2004; Kervinen et al., 1999). 
 
Recent advancements in genomic sequencing data has resulted in the identification 
of a wealth of new APs, many of them with unique features, which led to a major 
reorganization of plant APs as “typical”, “nucellin-like” and “atypical” proteinases (Faro 
and Gal, 2005). 
The main characteristics of both the “nucellin-like” and “atypical” proteinases, 
when compared with typical APs, is the absence of the Plant Specific Insert (PSI), a 100 
Pro SP PSI 31 kDa 15 kDa 
Pro PSI 31 kDa 15 kDa 
Pro 31 kDa 15 kDa 
Pro PSI 31 kDa 15 kDa 
31 kDa 15 kDa 
Figure 5) Schematic representation of cardosin A processing steps, as an illustrative example of AP processing. 
During sorting, the initial zymogen precursor is exposed to varying pH values and proteolytic enzymes, which 
results in the cleavage of the SP, prosegment and PSI domains. The final, mature form is present in the vacuole 
and shows proteolytic activity. Pro – Prosegment, PSI – Plant Specific Insert, SP – Signal Peptide. 
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amino-acid long polypeptide insert, separating the two chains of the immature protein 
(Simões and Faro, 2004). 
 
 
1.3.2. Cardosins 
Cardosins, in particular cardosins A and B, are homologous aspartic proteinases, 
originally isolated from the pistils of Cynara cardunculus L., and whose milk-clotting 
activity has long been employed in Portugal for the manufacture of some traditional 
cheese varieties. Cardosin A was found to accumulate in the protein storage vacuoles 
of the stigmatic epidermal papillae and in vacuoles of the epidermal cells of the style, 
whereas cardosin B is secreted to the extracellular matrix of the transmitting tissue 
(Ramalho-Santos et al., 1998; Vieira et al., 2001).  
Both APs are synthesized in a precursor form, with an ER-insertion signal peptide, a 
propeptide with potential self-inactivating capacity, and two polypeptide chains 
separated by a PSI domain (Pissarra et al., 2007). Procardosin A is a 64 kDa protein that 
undergoes proteolytic processing during cardoon’s flower maturation. This processing 
may occur either through the action of another aspartic proteinase, or through self-
processing mechanisms, probably due to slight conformational changes that occur in 
the acidic environment of the vacuoles, which would result in dislocation of the 
prosegment from the catalytic center with subsequent enzyme activation. During this 
process the PSI domain is excised, followed by the removal of the prosegment, the 
speed of this reaction being compatible with the detection of an intermediate form 
through Western blotting (Ramalho-Santos et al. 1998, Duarte et al., 2008). 
Even though its physiological functions remain obscure, the analysis of the 
temporal and tissue expression patterns and its proteolytic activity and specificity have 
led to the hypothesis that these enzymes might be involved in processes of protein 
processing and maturation or programmed cell death (both associated with 
senescence or stress and/or the sexual reproduction mechanisms of the plant) (Simões 
and Faro, 2004). 
One of cardosin A’s unique features, when compared against other typical plant 
APs is the presence of both an RGD and KGE motifs, effectively raising this molecule as 
the first plant AP to possess an integrin-binding motif. In particular, the KGE motif 
located at the opposite side of the catalytic center, projecting itself outward, away 
from the molecule, has been identified as responsible for modulating an 
intermolecular interaction between cardosin A and phospholipase Dα (PLDα) (Frazão 
et al., 1999; Simões et al., 2005). 
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1.3.3. Chlapsin 
Chlapsin was recently identified as the first, and as of now only, typical aspartic 
proteinase present in the microalgae Chlamydomonas reinhardtii. This AP possesses 
the same primary structural organization of other typical plant APs but with some 
differences – in particular, it possesses two catalytic triads of the DTG/DTG type, not 
unlike those present in animal and microbial APs, as well as an abnormally larger PSI 
domain, which possesses an alanine-rich 80 amino-acid long insertion in its centre 
(Almeida et al., 2012). 
Biochemically this enzyme displays the typical acidic pH optima and complete 
inhibition by pepstatin A. However, chlapsin displays greater specificity in terms of 
substrate preference and its activity is apparently modulated by the presence of redox 
agents and nucleotides, which might hint at possible putative physiological roles, when 
combined with its unusual chloroplastidial localization (Almeida et al., 2012). 
 
1.3.4. The Plant Specific Insert 
Most plant APs are characterized by the presence of an internal 100 amino-acid 
long insertion termed the “Plant Specific Insert” (PSI), whose physiological function(s) 
are still insufficiently understood. Some exceptions to this rule being barley’s 
(Hordeum vulgare) nucellin (Chen and Foolad, 1997), nepenthesin I and nepenthesin II, 
isolated from the insectivore plant Nepenthes alata (Athauda et al., 2004), the DNA-
binding protease CND41, isolated from the chloroplast nucleoids of tobacco cells (Kato 
et al., 2004), or the extracellular CDR1, isolated from Arabidopsis thaliana (Xia et al., 
2004), all of which lack this domain. 
Even though most plant APs are highly homologous to each other when comparing 
their N- and C-terminal regions, this homology is somewhat lost when the comparison 
is based upon their PSI domains, revealing what might be interpreted as greater 
evolutionary plasticity. 
Generally absent from the enzymes in their mature forms, this domain’s three 
dimensional structure resembles those of saposin-like proteins (SAPLIPs), a group of 
lipid-associating proteins involved in a variety of physiological processes, such as 
sphingolipid catabolism and lipid antigen presentation in humans (Egas et al., 2000; 
Bliven and Prlic, 2012), in particular, the presence of six conserved cysteine residues, a 
conserved glycosylation motif and several hydrophobic residues, are some of the 
structural determinants used for the identification of homology between the SAPLIP 
and saposin families of proteins and the PSI domain. This domain is thus characterized 
by a highly compact globular structure, with the presence of five amphiphatic α-helices 
linked to each other by three disulphide bridges (Simões and Faro, 2004). 
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Further analysis revealed that despite the high level of homology towards saposins, 
its amino-acid sequence reveals an inversion between the amino and carboxyl terminal 
domains relative to the animal proteins, giving rise to the term “swaposin” (Ponting 
and Russel, 1995). This permutation effectively results in a highly similar 
three-dimensional structure, with a somewhat different connectivity pattern between 
its different regions (Bliven and Prlic, 2012). 
 
In 2000 Egas and collaborators resorted to calcein-filled liposomes, in order to 
determine if recombinant cardosin A’s PSI domain possessed membrane interaction 
properties like other SAPLIP proteins. Indeed, what this group observed was that this 
domain associated with the liposomes in a pH- and lipid-dependent manner, causing 
the calcein content to leak out of the lipid complex (Egas et al., 2000). 
It is perhaps no surprise that a similar domain, present in an aspartic proteinase 
isolated from the potato plant (Solanum tuberosum) has been recently evaluated as a 
potential antimicrobial agent against both human and phytopathogens (Muñoz et al., 
2010). 
 
Phytepsin, an aspartic proteinase of plant origin, has been used as an initial model 
for the elucidation of this domain’s function in protein sorting. Originally accumulating 
in the vacuole, the removal of its PSI domain leads to secretion of this AP in tobacco 
protoplasts, thus hinting at a role in protein sorting (Törmakängas et al., 2001). Results 
with other proteinases, such as soyAP2, reveal contradictory information however, 
hinting at the possibility that different PSI domains might have different physiological 
functions (Terauchi et al., 2005). 
In the case of cardosin A, it is known that its PSI domain not only possesses 
targeting information towards the vacuole, but also that this sorting is performed by a 
Golgi-independent pathway. Pereira C. (2012) hypothesised that the absence of the 
highly conserved glycan structure from this domain could somehow be involved in this 
novel function. The molecular mechanisms controlling PSI-mediated vacuolar sorting, 
and in particular cardosin A’s Golgi-bypass are currently unknown, but highly pertinent 
scientific questions due to its enormous biotechnological potential. 
  
17 FCTUC 
The Plant Specific Insert (PSI) and it’s Molecular Role in Protein Sorting 
 
1.4. Objectives of this Work 
To explore the relevance of the PSI domain in plant AP sorting we resorted to an 
interdisciplinary approach, sub-divided into three major objectives: 
1. PSI-mediated sorting is quickly becoming one of the most important areas of 
study in terms of AP sorting and biology. Their high plasticity in terms of sequence but 
strict requirements in terms of structural topology, tied to the fact that this domain is 
removed during AP processing and maturation, with no apparent physiological role to 
play, quickly led to the proliferation of study hypotheses. In fact, this domain is mostly 
associated with the vacuolar compartment, as that is the organelle where most APs 
are found to accumulate. The recent discovery of chlapsin – a chloroplastidial typical 
AP, which also possesses a PSI domain raises the question of whether this novel PSI 
domain could also possess sorting information, and if this sorting information would be 
responsible for the AP’s chloroplastidial subcellular accumulation. An initial objective 
for this work was thus the preparation of fluorescent chimaeras and truncated forms 
of chlapsin. With these molecular tools it would become possible to explore the role of 
this novel PSI domain in this chloroplastidial AP, to determine if it indeed possesses 
sorting information, and towards which organelle is that information sorting to. 
 
2. The expression of these fluorescent chimaeras in its native system could 
potentially result in the overexpression of a functional protease. Given the 
chloroplast’s delicate environment and physiological relevance, this overexpression 
could very well lead to the manifestation of a phenotype, whose detection and 
characterization would be an initial step towards elucidating this enzyme’s 
physiological function. For this motive, a second objective was the optimization of a 
fixation protocol for ultrastructural studies in the unicellular algae Chlamydomonas 
reinhardtii. This was approached by previously including the cells in a gelatin matrix, 
with the objective of preserving the delicate intracellular architecture of this 
unicellular flagellate from both mechanical and osmotic damage during sample 
preparation. 
 
3. A third objective was tied to the determination of the molecular mechanisms 
responsible for PSI-mediated sorting of proteins. In particular, we chose to analyze 
cardosin A’s PSI domain in greater detail, mostly due to its GA-bypass capability and its 
non-glycosylated structure, which allows for the production of this domain in 
Escherichia coli. For this purpose, we used recombinant PSI for the pulling-down of 
protein fractions present in the crude extracts of Cynara cardunculus L. germinating 
seeds – if this mechanism is controlled by protein-protein interactions, the native 
FCTUC 18 
The Plant Specific Insert (PSI) and it’s Molecular Role in Protein Sorting 
 
system and the physiological time-point coinciding with cardosin A’s initial expression 
event would be ideal for the identification of such interactors. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
MATERIALS AND METHODS
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2.1. The Molecular Toolbox 
2.1.1. Cardosin A and Chlapsin DNA Constructions 
To study the influence of the PSI domain in both chlapsin’s and cardosin A’s 
subcellular accumulation patterns and sorting pathways in the unicellular algae 
Chlamydomonas reinhardtii, a series of constructs were prepared. In particular, 
chlapsin truncated versions – ChlapsinΔPSI (a deletion of the PSI domain) and 
ChlapsinΔAla (a deletion of the alanine-rich insertion specific to chlapsin’s PSI 
domain) – as well as a single cardosin A truncated version – Cardosin AΔPSI (a 
deletion of the PSI domain). All of these constructs were already available in the 
laboratory, but needed to be redesigned with new primers and fused to a 
fluorescent reporter – the Chlamydomonas-optimized GFP (CrGFP). 
At the same time, a series of cardosin A and chlapsin constructs were also 
prepared for a parallel analysis in the whole-plant system Arabidopsis thaliana. 
Unmodified cardosin A, cardosin AΔPSI and cardosin A’s isolated PSI domain were 
already fused to the cDNA encoding for the fluorescent protein mCherry (Shaner et 
al., 2004), subcloned into the expression vector pFAST (Shimada et al., 2010) and 
inserted in Agrobacterium tumefaciens. All chlapsin constructs – native chlapsin, 
chlapsinΔPSI and chlapsinΔAla were still in the initial phases of design, having no 
fluorescent reporter or enzyme adapters in their sequence. These constructions 
are summarized in Figure 6Figure 7 for ease of visualization. 
  
Chlapsin:CrGFP 
Chlapsin Δ Ala:CrGFP 
Chlapsin Δ PSI:CrGFP 
Cardosin A Δ PSI:CrGFP  
Cardosin A:CrGFP 
9 kDa PSI 26 kDa Pro SP CrGFP 
9 kDa PSIΔAla 26 kDa Pro SP CrGFP 
9 kDa 26 kDa Pro SP CrGFP 
Pro SP PSI 31 kDa 15 kDa CrGFP 
15 kDa 31 kDa Pro SP CrGFP 
Figure 6) All constructs to be tested in Chlamydomonas reinhardtii were to be fused with a green 
fluorescent protein previously optimized towards the codon-bias of this algae (CrGFP). These 
encompassed the native and truncated chlapsins, as well as the native and truncated cardosin A. All 
mutations were associated with the PSI domain. 
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2.1.1.1. Fluorescent Proteins 
Three different fluorescent reporters were used during this work – by the time 
this project was initiated, there was a severe shortage of fluorescent reporter tools for 
Chlamydomonas reinhardtii. This organism’s high GC-content, codon-bias and 
epigenetic silencing phenomena made the use of common fluorescent reporters 
unpredictable. For this reason, Fuhrmann and co-workers (1999) synthesized a gene 
encoding for the green fluorescent protein adapted to the algae’s codon-usage (CrGFP), 
which was also used in our work. More recently however, a series of novel fluorescent 
reporters have been optimized for Chlamydomonas expression, which will certainly 
prove to be revolutionary in the study and biotechnological application of this 
flagellate (Rasala et al., 2013).  
For expression in Arabidopsis thaliana two different markers were used – the red 
fluorescent protein mCherry (Shaner et al., 2004), chosen for its stability in acidic pH 
media,  fast maturation time and resistance to photobleaching, had already been fused 
to the cardosin A’s cDNA sequences. For the chlapsin constructs, the yellow 
fluorescent protein mBanana was preferred, mostly due to its colour, as chlapsin has 
been previously detected in the Chlamydomonas reinhardtii’s chloroplast, which 
possesses bright red autofluorescence. Its quantum yield is also greater than 
Chlapsin:mBanana 
Chlapsin Δ Ala:mBanana 
Chlapsin Δ PSI:mBanana 
Cardosin A Δ PSI:mCh  
Cardosin A:mCh 
9 kDa PSI 26 kDa Pro SP mBanana 
9 kDa PSIΔAla 26 kDa Pro SP mBanana 
9 kDa 26 kDa Pro SP mBanana 
Pro SP PSI 31 kDa 15 kDa mCherry 
15 kDa 31 kDa Pro SP mCherry 
SP:PSI A:mCh 
SP PSI mCherry 
Figure 7) All constructs to be tested in Arabidopsis thaliana are represented above. The cardosin A 
constructs were already fused to the fluorescent protein mCherry, but we decided to fuse the newly 
generated chlapsin constructs to a different fluorescent tag – the fluorescent protein mBanana. 
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mCherry’s, which could account for greater brightness under the confocal laser 
scanning microscope. 
Both CrGFP and mBanana were amplified by PCR using specific primers containing 
enzyme adapters at the 5’ and 3’ ends (Table 1), for easier subcloning procedures. 
Unmodified CrGFP and mBanana were used as template in the PCR reactions. 
Table 1) Primers used for PCR amplification of the fluorescent proteins mBanana and CrGFP. Enzyme adapter 
sequences were added to the extremities of the amplified cDNA, for easier subcloning procedures and are 
marked in red. 
Primer Sequence Description 
5’CrGFP_NdeI AAC ATA TGG CCA AGG GCG AGG AGC TGT T 
Introduction of an Nde I recognition site 
(red). 
3’CrGFP_EcoRI TTG AAT TCT TAC TTG TAC AGC TCG TCC ATG 
Introduction of an Eco RI recognition site, 
after the STOP codon (red) 
5’mBanCh_SalI TTG TCG ACA TGG TGA GCA AGG GCG AGG A 
Introduction of a Sal I recognition site 
(red). 
3’mBanCh_BamSac 
CTG AGC TCG GAT CCT TAC TTG TAC AGC TCG 
TCC ATG C 
Introduction of a Bam HI and a Sac I 
recognition sites, after the STOP codon 
(red and red underlined, respectively). 
 
For PCR amplification of all cDNA sequences, a DNA polymerase with 
proofreading activity – Pfu DNA polymerase (recombinant) (Fermentas) – was used. 
Both PCR reaction mixes were similar and described in Table 2. The reactions were 
performed in a thermocycler Mastercycler gradient (Eppendorf), with the programme 
listed in Table 3: 
Table 2) PCR Reaction Mix used in the amplification of both fluorescent markers (mBanana and CrGFP). 
Reagent Concentration in the Reaction Mix 
Template DNA 20 - 100 ng 
Pfu Buffer with MgSO4 1x 
dNTPs 0.2 mM 
5’ Primer 0.3 mM 
3’ Primer 0.3 mM 
Pfu DNA Polymerase 0.6 U 
Sterile Distilled Water Up to 25 µL 
 
Table 3) Thermocycler Programming for the amplification of mBanana and CrGFP cDNA sequences. 
Step Temperature and Duration 
Initial Denaturation 5 minutes at 95ºC 
35 cycles 
Denaturation 30 seconds at 95ºC 
Annealing 30 seconds at 54ºC 
Extension 90 seconds at 72ºC 
Final Elongation 7 minutes at 72ºC 
 
 Afterwards, the PCR products were separated electrophoretically, and the 
bands of expected molecular size (approximately 700 bp for both CrGFP and mBanana) 
were excised from the gel for DNA purification. 
FCTUC 24 
The Plant Specific Insert (PSI) and it’s Molecular Role in Protein Sorting 
 
 The purified PCR product was cloned using the Zero Blunt® cloning kit 
(Invitrogen) and analysed by restriction mapping, resorting to the Nde I and Eco RI 
restriction enzymes for CrGFP, and the Sal I and Bam HI restriction enzymes for 
mBanana. The reactions were performed according to the manufacturer’s instructions 
(Fermentas). Positive clones were sequenced with the M13 universal primers [M13uni 
(-21) and M13rev(-29)] (Eurofins MWG Operon, 
http://www.eurofinsdna.com/home.html). 
Both plasmids were linearized at the 5’ end of the inserted cDNA and the vector 
dephosphorylated with Calf-intestinal alkaline phosphatase (CIAP, Fermentas) by 
adding 2 µL of CIAP buffer and 1U of enzyme to the restriction reaction. The mix was 
incubated for 1 hour at 37ºC, and the enzyme was inactivated by incubating at 65ºC 
for 15 minutes. 
The resulting product was used for generating the fluorescent chimaeras by 
fusing the cDNAs of interest at the 5’ end of the fluorescent marker’s sequence. 
Alternatively, the CrGFP sequence was also excised from pCR Blunt and subcloned 
into the Nde I and Eco RI sites (Fermentas) of the pDBle expression vector for 
Chlamydomonas reinhardtii (kindly provided by Dr Saul Purton, University College of 
London – 
http://www.ucl.ac.uk/algae/Genetic_engineering_tools/Sequence_files/pDBle). 
 
2.1.1.2. Cardosins in Chlamydomonas 
Two different cardosin A constructs were to be tested in Chlamydomonas 
reinhardtii – the native cardosin A and the truncated version without the PSI domain – 
cardosin A Δ PSI. Since both the native and truncated version already existed at the 
laboratory, and the mutation is internal to the sequence, the same pair or primers 
could be used for both cDNAs. These primers were designed to insert an Nde I 
recognition sequence at both the 5’ and 3’ ends of the cardosins, to allow for 5’ end 
fusion with the CrGFP cDNA and subsequent subloning into pDBle, and are listed in 
Table 4. 
Table 4) Cardosin A constructs to be tested in Chlamydomonas reinhardtii were amplified with the same pair of 
primers. The primers introduced an Nde I recognition site at both ends of the cDNA sequence. 
Primer Sequence Description 
5’CdA_NdeI AAC ATA TGA TGG GTA CCT CAA TCA AAG C 
Introduction of an Nde I recognition site 
(red). 
3’CdA_NdeI TTC ATA TGA GCT GCT TCT GCA AAT CCA A 
Introduction of an Nde I recognition site 
(red), while removing the STOP codon 
present at the end of the sequence. 
 
The reaction mixes were prepared as listed in Table 2, the only difference 
between them being the template DNA. Unmodified cardosin A cDNA (Duarte et al., 
2008) was used for cardosin A amplification and cardosin A lacking its PSI domain was 
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used as template for cardosin A Δ PSI amplification (Pereira, 2012). The thermocycler 
was programmed as listed in Table 5: 
Table 5) Thermocycler Programming for the amplification of cardosin A and cardosin A Δ PSI with Nde I adapters 
at both the 5’ and 3’ ends. 
Step Temperature and Duration 
Initial Denaturation 5 minutes at 95ºC 
35 cycles 
Denaturation 30 seconds at 95ºC 
Annealing 30 seconds at 54ºC 
Extension 3 minutes at 72ºC 
Final Elongation 7 minutes at 72ºC 
 
After PCR amplification the reaction products were separated 
electrophoretically and the bands of expected molecular sizes (approximately 1500 bp 
for cardosin A and 1200 bp for cardosin A Δ PSI) were excised for DNA purification. The 
fragments were cloned with the Zero Blunt® cloning kit (Invitrogen) and analyzed by 
restriction mapping. 
Positive clones were chosen and the cDNAs isolated by Nde I restriction digest. 
The isolated fragments were electrophoretically separated, purified from the agarose 
gel and ligated to the Nde I linearized, dephosphorylated CrGFP (pCR Blunt) plasmid. 
Positive clones were once more chosen for DNA sequencing, with the M13 and T7 
universal primers (M13rev(-29) and T7) (Eurofins MWG Operon). 
 
2.1.1.3. Chlapsins in Chlamydomonas 
We worked with three versions of the chlapsin protein during this project – the 
non-modified chlapsin, chlapsin lacking its PSI domain (chlapsin Δ PSI), and chlapsin 
lacking the alanine-rich insertion specific to its PSI domain (chlapsin Δ Ala). All of these 
cDNA constructs were already available at the lab and had already been fused to the 
CrGFP sequence. New primers were designed in order to insert an Nde I recognition 
site at the 5’ end and an Eco RI recognition site at the 3’ end of the cDNAs, to allow 
direct cloning into the expression vector (pDBle).The same pair of primers was used for 
amplification of all three chlapsins (Table 6). 
 
Table 6) Chlapsin constructs to be tested in Chlamydomonas reinhardtii were amplified with the same pair of 
primers. The primers introduced an Nde I recognition sequence at the beginning of the chlapsin cDNA, and an Eco 
RI recognition site at the end of the CrGFP sequence. The reverse primer was the same that was used in Section 
2.1.1.1, for the amplification of the CrGFP cDNA. 
Primer Sequence Description 
5’Chlap_NdeI AAC ATA TGG CGC GTA GCT ATG T 
Introduction of an Nde I recognition 
site (red). 
3’CrGFP_EcoRI TTG AAT TCT TAC TTG TAC AGC TCG TCC ATG 
Introduction of an Eco RI 
recognition site, after the STOP 
codon (red). 
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The reaction mixes were prepared in accordance to Table 2, and the 
thermocycler was programmed as listed in Table 7: 
Table 7) The thermocycler programme for PCR amplification of chlapsin cDNA templates. The truncated versions 
– chlapsin Δ PSI and chlapsin Δ Ala were subjected to a 52ºC annealing temperature, whereas the unmodified 
chlapsin template was subjected to a 58ºC annealing temperature. 
Step Temperature and Duration 
Initial Denaturation 5 minutes at 95ºC 
35 cycles 
Denaturation 30 seconds at 95ºC 
Annealing 30 seconds at 52/58ºC 
Extension 4.5 minutes at 72ºC 
Final Elongation 7 minutes at 72ºC 
 
After PCR amplification the reaction products were separated electrophoretically, 
the bands of expected molecular size (approximately 2500 bp for unmodified chlapsin 
fused to CrGFP, approximately 2200 bp for chlapsin Δ Ala fused to CrGFP, and 
approximately 1900 bp for chlapsin Δ PSI fused to CrGFP) were excised and purified 
from the gel and then cloned with the Zero Blunt® cloning kit (Invitrogen) and analyzed 
through restriction mapping. 
Positive clones were sequenced with the M13rev (-29) and T7 universal primers 
(Eurofins MWG Operon) and subcloned into the Nde I and Eco RI sites of 
Chlamydomonas reinhardtii’s pDBle expression vector. 
 
2.1.1.4. Chlapsins in Arabidopsis 
The three chlapsin cDNA sequences – unmodified chlapsin, chlapsin Δ PSI and 
chlapsin Δ Ala – were amplified with specific primers designed both for adding an Nde I 
recognition site at the 5’ end, and Sal I and Nde I recognition sites at the 3’ end. 
Simultaneously, the reverse primer was designed so as to remove the stop codon from 
all three cDNA sequences, allowing for a c-terminal fusion to the fluorescent marker 
mBanana (Table 8). PCR reaction mixes were prepared as described in Table 2 and the 
thermocycler was programmed according to Table 7. 
Table 8) Chlapsin constructs to be tested in Arabidopsis thaliana were amplified with the same pair of primers. 
The primers introduced an Nde I recognition sequence at the beginning of the chlapsin cDNA, and Sal I and Nde I 
recognition sites at the end of the sequence. The reverse primer was also designed to delete the chlapsin’s STOP 
codon. 
Primer Sequence Description 
5’Chlap_NdeI AAC ATA TGG CGC GTA GCT ATG T 
Introduction of an Nde I recognition site 
(red). 
3’Chlap_SalNde 
TTC ATA TGT TGT CGA CAG CCG CAT TGG CGA 
AGC CCA 
Introduction of Sal I and Nde I 
recognition sites (red and red 
underlined, respectively), while 
removing the STOP codon present at 
the end of the sequence. 
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2.1.2. DNA Manipulation and Analysis Techniques 
2.1.2.1. Agarose Gel DNA Electrophoresis 
DNA fragments and plasmids were analysed in an agarose gel [0,8% (w/v) 
agarose] made with 1x Tris-acetate-EDTA (TAE) Buffer [40 mM Trizma Base; 10% (v/v) 
glacial acetic acid; 10 mM EDTA] pre-stained with 0.5 µg/mL ethidium bromide. The 
electrophoresis was performed at 250 V in 0.25x TAE buffer using DNA Ladder Mix 
GeneRuler (Fermentas) as a molecular weight marker, except when stated otherwise. 
The separated DNA bands were visualized in a UV transilluminator (302-365 nm), 
and images were captured with the Gel Doc XR system (BioRad). 
 
2.1.2.2. Plasmid DNA Extraction from E. coli 
The isolation and purification of plasmid DNA from Escherichia coli for the 
screening of positive clones was achieved by the boiling lysis method. 5 mL of LB 
medium supplemented with 50 µg/mL of the appropriate antibiotic was inoculated 
with a single E. coli clone and incubated overnight at 37ºC, and an agitation of 
180 RPM. 
1.5 mL of the grown culture was centrifuged at maximum speed for 30 seconds, 
the supernatant was discarded and the pellet ressuspended in 200 µL of Sucrose-Tris-
EDTA-Triton (STET) buffer [8% (w/v) sucrose; 0.1% (v/v) Triton X-100; 50 mM EDTA; 
50 mM Tris-HCl, pH 8.0], supplemented with 1.25 mg/mL lysozyme. The cells were 
incubated for 5 minutes at RT and then boiled for 45 seconds. Cell debris was pelleted 
by centrifugation at maximum speed for 5 minutes and the sediment removed with a 
sterile toothpick. 
200 µL of 2-propanol was added to the supernatant for DNA precipitation. The 
mixture was vortexed prior to centrifugation at maximum speed for 10 minutes. The 
supernatant was discarded and the pellet was washed with 200 µL of 70% (v/v) 
ethanol. The pellet was air-dried and ressuspended in 20 µL of sterile water 
supplemented with 1 mg/mL RNase A. The minipreps were kept on ice during 
manipulation and stored at -20ºC for longer periods. 
 
2.1.2.3. Restriction Mapping and Plasmid Linearization 
Plasmid DNA endonuclease digestion was performed for colony screening, 
expression vector subcloning, and plasmid linearization for molecular manipulation or 
cell transfection. Digestion was always performed according to the manufacturer’s 
protocol and the manufacturer’s “Double Digest” online tool (Thermo Scientific, 
Double Digest - http://www.thermoscientificbio.com/webtools/doubledigest/). 
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2.1.2.4. DNA Purification from Agarose Gels 
DNA bands with the desired molecular weight were excised from the agarose gel 
after electrophoresis. The transilluminator was kept at the minimum possible power 
output and the gel was exposed to the radiation for the least amount of time possible, 
in order to prevent DNA damage. The DNA was purified from the agarose matrix by 
using the GenElute Gel Extraction Kit (Sigma), according to the manufacturer’s protocol. 
 
2.1.2.5. Ligation of DNA fragments 
PCR amplicons were always cloned with the Zero Blunt® cloning kit (Invitrogen), 
according to the manufacturer’s protocol. 
Other ligation reactions, such as the ones performed for fluorescent marker 
fusion, or expression vector subcloning, were performed using T4 DNA ligase 
(Fermentas), according to the manufacturer’s protocol. 
 
2.1.3. Bacterial Strains 
Two different species of bacteria were used during this work – Escherichia coli 
DH5α was used mostly for plasmid maintenance and propagation, mostly due to its 
high efficiency of transformation (even for large plasmids), the high yield of plasmid 
DNA produced and the low level of recombination events. DH5α E. coli cells were 
always maintained in Luria Bertani (LB) medium (either non-selective, or 
supplemented with the antibiotic needed for selection against the plasmid of interest), 
or in its solid counterpart – Luria-Agar (LA) medium (1.5% agar). 
Agrobacterium tumefaciens GV3101::pMP90 was used for all plant cell transfection 
procedures that relied on bacterial infection for DNA transfer. This bacterial strain has 
a chromosomal background based upon the wild-type C58 strain and it possesses a 
rifampicin resistance marker associated to its chromosomal DNA. The binary vector 
pMP90 is present in this particular strain, and selective pressure for its presence can 
be maintained by adding gentamicin to the medium. This strain of Agrobacterium was 
always maintained in either LB or LA medium, previously supplemented with either 
20 µg/mL gentamycin and 50 µg/mL of the antibiotic of interest (for transformed cells), 
or with 25 µg/mL rifampicin and 20 µg/mL gentamicin (for non-transformed cells). 
 
2.1.4. Preparation of “high-efficiency” competent Escherichia coli cells 
A single Escherichia coli DH5α colony was pre-cultured in 25 mL of Luria-Bertani 
broth (LB broth) and grown at 37ºC overnight with agitation (180 RPM). The entire 
volume of this pre-culture was used to inoculate 225 mL of LB supplemented with 
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11 mM MgCl2 and 11 mM MgSO4 and the primary culture was allowed to grow at 37ºC, 
until an OD600 ≈ 0.7 was achieved. 
The cells were then incubated on ice for 10 minutes and concentrated at 775 x g 
for 5 minutes at 4ºC. The pellet was ressupended in 100 mL RF1 solution [100 mM 
RbCl; 50 mM MnCl2
.4H2O; 30 mM KAc; 10 mM CaCl2
.2H2O; 15% (v/v) glycerol; pH 5.8] 
and chilled on ice for 15 minutes. After being concentrated by centrifugation at 775 x g 
for 5 minutes at 4ºC, the RF1 buffer was removed and the cells ressuspended in 16 mL 
RF2 solution [10 mM RbCl; 75 mM CaCl2
.2H2O; 15% (v/v) glycerol; pH 8.0]. This cell 
mixture was divided in 400 µL and 100 µL aliquots prior to storage at -80ºC. 
 
2.1.5. Escherichia coli Transformation Protocol 
Escherichia coli were transformed by the heat-shock protocol. After thawing the 
cells on ice, 2 µL of miniprep DNA or the entire volume of a ligation reaction were 
added to 100 µL cell aliquots, which were then incubated on ice for approximately 30 
minutes. The cells were then subjected to the thermal shock by being incubated for 90 
seconds at 42ºC, and transferred back to ice immediately after. 300 µL of fresh 
non-selective LB medium was added to each aliquot, and the cells were incubated at 
37ºC for 30 minutes, with vigorous shaking (180 RPM). 
After pelleting the cells at 775 x g for 2 minutes, 300 µL of the supernatant were 
removed and the cells ressuspended in the remaining volume, which was immediately 
plated in solid LA media supplemented with 50 µg/mL of the appropriate antibiotic. 
 
2.2. In vivo Experimentation 
2.2.1. Plant Material and Growth Conditions 
Arabidopsis thaliana (ecotype Columbia 0) wild-type seeds were stored at 4ºC. 
Surface-sterilization was performed by washing the seeds in 70% (v/v) ethanol for 5 
minutes, after which the seeds were left to dry on top of filter paper, in the laminar 
flow-hood. The seeds were then plated in 6-well plates previously loaded with 4 mL 
Murashige and Skoog (MS) medium supplemented with 1.5% (w/v) sucrose and 0.7% 
(w/v) Bacto-agar™, and a sterile 500 µm filter at the surface of each well. 
The seeds were incubated in a Sanyo Growth Cabinet – Model “MLR-350H” 
programmed for constant temperature (21ºC), humidity (60%) and a 24h-long 
photoperiod for 4 days, prior to Agrobacterium tumefaciens vacuum infiltration. 
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2.2.2. Arabidopsis thaliana high-throughput Agrobacterium Vacuum 
Infiltration 
Agrobacterium tumefaciens strain GV3101::pMP90 carrying the construct of 
interest was pre-cultured in 5 mL LB medium supplemented with 20 µg/mL gentamycin 
and 50 µg/mL spectinomycin and grown overnight at 37ºC. 1 mL of this pre-inoculum 
was used to initiate a 30 mL LB culture that was also grown at 37ºC overnight. 
The cells were pelleted by centrifugation at 1537 x g for 15 minutes and 
ressuspended in 2 mL MS medium. A 1:20 dilution of the cell suspension was used for 
determining the OD600. The infiltration mix was prepared according to Equation 1, the 
cells being diluted for a final OD600 of 2.0 in MS medium supplemented with 200 µM 3’, 
5’-dimethoxy-4’-hydroxyacetophenone (Acetosyringone; Sigma-Aldrich). 
[(
            
             
)     ⁄ ]                                                 ⁄  
Equation 1) The desired OD600 of 2.0 was calculated according to the value obtained in the spectrophotometer, 
the Agrobacterium cultures being diluted accordingly in MS medium supplemented with acetosyringone. The 
1/20 fraction represents the dilution factor in question, but can be adapted to any other experimental situation. 
The seedlings were covered with 2 mL of the infiltration mixture and then 
subjected two times to a negative pressure of approximately -70 kPa, each one lasting 
for 1 minute and with a 1 minute pause in between them. 
After vacuum infiltration the excess Agrobacterium mixture was removed from the 
wells and the plate was returned to the growth cabinet. The plantlets were incubated 
for 3 days prior to observation through Confocal Laser Scanning Microscopy (CLSM) 
(Marion et al., 2008). 
 
2.2.3. Chlamydomonas reinhardtii Cell Culture and Maintenance 
Chlamydomonas reinhardtii strains CC-48 arg2 mt+, CC-406 cw15 mt- and CC-3056 
cw15 chlB mt- were obtained from the Chlamydomonas Resource Center, USA. All 
strains were inoculated into and maintained in liquid TAP medium (Table 9) (Gorman 
and Levine, 1965), with the CC-48 strain requiring L-arginine supplementation 
(200 µg/mL). 
All liquid cultures were maintained by diluting them 1:50 weekly, in 50 mL fresh TAP 
medium. 
Cell stocks were maintained as streaks in solid TAP (2% agar) plates, supplemented 
with 200 µg/mL L-arginine when required. Stock cultures were re-inoculated monthly 
to fresh TAP-Agar plates and kept under constant illumination, at room temperature. 
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Table 9) Tris/Acetate/Phosphate medium (TAP) formulation. The medium is prepared by diluting the four 
different stock solutions – Tris-HCl, Phosphate Buffer, Salt Mix and Hutner’s Solution, adjusting the pH to 7.0 with 
glacial acetic acid and supplementing with agar (when required) prior to autoclaving. L-Arginine is added in the 
laminar flow hood, whenever necessary. 
Stock Solution Reagent Medium Concentration 
 
Salts (g L
-1
) 
NH4Cl 0.4 
MgSO4
.
7H2O 0.1 
CaCl2
.
2H2O 0.05 
Phosphate Buffer (g L
-1
) K2HPO4 0.108 
KH2PO4 0.056 
Tris-HCl 1M pH 8.0 (g L
-1
) Trizma Base® 2.42 
 
 
 
Hutner’s Trace Elements 
(pH 6.5-6.8) (mg L
-1
) 
Na2EDTA 0.05 
ZnSO4
.
7H2O 22 
H3BO3 11.4 
MnCl2
.
4H2O 5.06 
FeSO4
.
7H2O 4.99 
CoCl2
.
6H2O 1.61 
CuSO4
.
5H2O 1.57 
(NH4)6Mo7O24
.
4H2O 1.10 
Arginine (mg L
-1
) L-Arginine 200 
- Agar 20 
- Glacial Acetic Acid ≈0.1% (v/v) (Final pH = 7.0) 
 
2.2.4. Zeocin Titration Experiment 
Chlamydomonas reinhardtii CC-3056 cw15 chlB mt- cultures were initiated by 
diluting a one-week old culture 1:50 in 25 mL fresh TAP medium, supplemented with 
varying concentrations of Zeocin™ (InvivoGen) and incubated with agitation, under 
constant illumination. The experiment was maintained for a total of 7 days, and the 
OD750 was measured every 24h, in order to determine the growth curves. 
 
2.2.5. NP-40 Sensitivity Assay 
All three Chlamydomonas strains were tested for Nonidet P-40 (NP-40) sensitivity, 
which should be present only in cells lacking a cell wall. 
500 µL aliquots of 1-week old Chlamydomonas reinhardtii liquid cultures were 
incubated in 0.2% (v/v) NP-40 (Sigma-Aldrich) for 10 minutes. Both treated and 
untreated cells were counted in a hemocytometer, and the sensitivity was calculated 
as the ratio between both values, as demonstrated in Equation 2. 
(
                                   ⁄               ⁄                   
                                   ⁄
)      
Equation 2) Both treated and untreated cells were counted in a hemocytometer. By dividing the number of cells 
in each situation we can calculate a % lysis, which will give an estimate as to the sensitivity of the strain to the 
non-ionic detergent and (indirectly) an estimate as to the presence/absence of a cell wall.  
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2.2.6. Chlamydomonas reinhardtii Transfection Protocols 
2.2.6.1. Electroporation Protocol 
Chlamydomonas reinhardtii cells were grown until an OD750 between 0.3-0.5, before 
15 mL of liquid culture could be harvested through centrifugation at 700 x g, for 10 
minutes. The supernatant was removed before ressuspending the cells in 250 µL of 
fresh TAP medium supplemented with 40 mM sucrose. 2 µg of plasmid DNA and 50 µg 
carrier DNA were added to the cell mix and the solution homogenized before being 
transferred to a 0.4 cm gap electroporation cuvette. The sample was incubated at RT 
for 5 minutes prior to delivering the electric shock. 
After electroporation the cells were removed from the cuvette, ressuspended in 
5 mL TAP-40 mM sucrose and incubated at RT, with constant illumination and gentle 
shaking for 24 hours. 
After the regeneration step the cells were pelleted by centrifugation at 700 x g for 
10 minutes, the supernatant was removed and the algae ressuspended in 150 µL of 
fresh TAP-40 mM sucrose. The entire volume was used for plating one TAP-2% Agar 
plate supplemented with 20 µg/mL zeomycin. 
With the objective of optimizing this transfection protocol, a series of variables 
were tested, which are summarized in Table 10. 
Table 10) All the tested variables, in the course of the optimization of the electroporation protocol for 
Chlamydomonas reinhardtii are summarized in the table below. Only one variable was changed each time, and all 
other growth conditions were kept stable in every experimental situation. 
Condition Tested Values Tested 
Electroporation Temperature Ice-cold ; 12.5ºC ; RT 
Electric Field Strength 5.0 kV/cm ; 3.0 kV/cm ; 2.0 kV/cm 
Capacitance 3 µF ; 10 µF 
Pulse Number 1 ; 2 ; 3 
Carrier DNA Absent ; 200 µg/mL ; 250 µg/mL 
Plasmid DNA Concentration 1 µg/mL ; 1.5 µg/mL ; 2 µg/mL 
Plasmid DNA Conformation Linearized (Kpn I) ; Supercoiled 
Chlamydomonas Strain CC-48 ; CC-3056 
Plating Volume/Plate 6.7% (10 µL) ; 10% (15 µL) ; 33% (50 µL) ; 50% (75 µL) 
Electroporation Apparatus Micropulser™ (BioRad) ; Gene Pulser I (BioRad) 
Cell Regeneration Step Absent ; 16h ; 24h 
 
2.2.6.2. Agrobacterium tumefaciens co-culture Protocol 
Chlamydomonas reinhardtii liquid cultures were grown for one week before 
estimating cell density by loading a Neubauer chamber with 10 µL of liquid culture and 
counting the cells directly. The volume corresponding to 1 x 107 cells was centrifuged 
at 700 x g for 10 minutes and ressuspended in 100 µL fresh TAP or TAP-Arginine 
medium before being plated in TAP-agar or TAP-arginine-agar medium supplemented 
with 100 µM acetosyringone. Chlamydomonas plates were incubated under normal 
growth conditions for 2 days prior to co-culture with the Agrobacterium. 
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Agrobacterium tumefaciens was grown in 5 mL LB medium supplemented with 
0.2 g/L MgSO4 and the appropriate antibiotic cocktails, overnight, at 37ºC. The cells 
were pelleted by centrifugation at 700 x g for 10 minutes and ressuspended in 5 mL 
TAP medium supplemented with 100 µM acetosyringone. The OD600 of the 
Agrobacterium suspension was determined and the cells diluted in TAP-acetosyringone 
for a final volume of 200 µL, and a final OD600 ≈ 0.5 (Section 2.2.2 – Equation 1), prior 
to being plated on top of the Chlamydomonas lawn. 
The co-culture was incubated in the dark for 48h to allow for infection to occur. 
After infection the cells were collected from the solid media and washed two times in 
TAP medium supplemented with 500 µg/mL cefotaxime. The microalgae were 
concentrated in a final volume of 150 µL TAP and plated in solid TAP medium 
(2% agarose) supplemented with 500 µg/mL cefotaxime and 10 µg/mL hygromicin. 
With the objective of optimizing this transfection protocol we tested two different 
infection temperatures (RT and 22ºC) and two different Chlamydomonas strains (CC-48 
and CC-3056). 
 
2.2.6.3. Glass Bead Protocol 
Chlamydomonas reinhardtii liquid cultures were initiated by diluting 1-week old 
cultures to a final OD750 of 0.06 and allowed to grow for approximately 2 days, or until 
a cell density of 2-5 x 106 cells/mL was achieved, as determined by counting in a 
haemocytometer. The cells were centrifuged at 700 x g for 10 minutes and the 
supernatant was carefully removed. Fresh TAP medium was added in order to 
ressuspend the cells to a final density of 1-2 x 108 cells/mL.   
To a 15 mL conical tube, 300 mg of autoclaved, acid-washed glass beads 
(425 µm - 600 µm diameter) (Sigma-Aldrich) were added, followed by 300 µL of the 
concentrated cell mixture and 1.5 µg plasmid DNA. The tube was flicked gently in order 
to homogenize the different components and 100 µL of a 20% (w/v) PEG-6000 solution 
was added immediately before vortexing the tube at maximum speed for 30 seconds. 
10 mL fresh TAP medium was added immediately after vortexing, in order to dilute the 
PEG and avoid a potential cytotoxic effect. 
The cells were incubated under constant illumination but no agitation overnight, at 
RT, prior to being concentrated in 500 µL fresh TAP medium and being plated in 2 
TAP-Agar-zeomycin plates (2% agar; 5 µg/mL zeomycin). The plates were incubated 
under normal growth conditions – RT and constant illumination. 
With the objective of optimizing this transfection protocol, a series of variables 
were tested, that are summarized in Table 11. 
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Table 11) All tested variables in the course of the optimization of the glass bead method for Chlamydomonas 
reinhardtii are summarized in the table below. Only one variable was changed each time, and all other growth 
conditions were kept stable in every experimental situation. 
Condition Tested Values Tested 
Chlamydomonas strain CC-3056 ; CC-406 
PEG Concentration Absent ; 5% (v/v) ; 10% (v/v) 
DNA Conformation Linear ; Supercoiled 
DNA Extraction Protocol Pure miniprep ; Alcaline Lysis 
Vortexing Time 15’’ ; 20’’ ; 30’’ 
Regeneration Step Absent ; 16h 
Plating Volume/Plate 100% ; 50% 
Zeomycin Concentration 20 µg/mL ; 10 µg/mL ; 5 µg/mL 
 
2.3. Cell Imaging 
2.3.1. Confocal Laser Scanning Microscopy 
Arabidopsis thaliana cotyledons were excised and mounted in water with the 
abaxial leaf epidermis facing upwards. Only one leaf was mounted per individual and a 
minimum of 3 different organs were imaged per session, for each of the constructs 
analyzed, to ensure an n ≥ 3. 
Cells expressing mCherry fluorescent chimaeras were imaged using a Confocal 
Laser Scanning Microscope (Leica SP2). The red fluorescence was detected in the range 
of 580-630 nm, using the 561 nm laser for excitation. Normarski differential 
interference contrast (DIC) images were taken simultaneously and image analysis was 
performed with the Leica Application Suite – Advanced Fluorescence Lite, 2.6.0 build 
7266 software. 
 
2.3.2. Ultrastructural Analysis  
A 4-week old Chlamydomonas reinhardtii CC-48 arg2 mt+ wild-type culture was 
selected for optimization of the fixative and ultrastructural analysis. 
40 mL of liquid culture was pelleted at 800 x g for 5 minutes at 4ºC. The cells were 
ressuspended in 5 mL of fixative solution [3% (v/v) glutaraldehyde; 1% (v/v) 
paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 6.8] and incubated overnight, 
in the dark and with gentle agitation. 
 
The cells were then pelleted and washed three times with 0.1 M sodium cacodylate 
buffer (pH 6.8), for 10 minutes each. 
Post-fixation was made by incubation in 1% (v/v) osmium tetroxide in cacodylate 
buffer (pH 6.8) for 1 hour at RT and in the dark. 
 
The post-fixative solution was removed by washing the cells with sterile water 
three times for 10 minutes each. After these washing steps the cells were either 
directly subjected to dehydration in an ethanol graded series, or included in a 10% 
(w/v) gelatin solution and cut into small blocks of 1-3 mm3, prior to dehydration. 
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Dehydration was made at RT, in a graded ethanol series as described in Table 12 and 
the second 100% ethanol was purified using molecular sieves (Sigma). 
 
Table 12) Ethanol graded series employed for Chlamydomonas reinhardtii CC-48 arg2 mt+ ultrastructural studies. 
Reagent Duration 
10% EtOH 10 minutes 
20% EtOH 15 minutes 
30% EtOH Overnight 
50% EtOH 20 minutes 
70% EtOH 20 minutes 
90% EtOH 30 minutes 
100% EtOH (no molecular sieves) 30 minutes 
100% EtOH (with molecular sieves) 30 minutes 
Propylene Oxide 30 minutes 
 
After dehydration, propylene oxide was progressively replaced by epoxy resin over 
a total period of 5 days, as demonstrated in Table 13: 
 
Table 13) Embedding of the Chlamydomonas samples in Epoxy resin. This step was performed by progressively 
replacing propylene oxide with epoxy, over a total period of 5 days.  
Reagent Duration 
Epoxy:Propylene Oxide – 1:3 1 hour 
Epoxy:Propylene Oxide – 1:2 3 hours 
Epoxy:Propylene Oxide – 1:1 16 hours 
Epoxy:Propylene Oxide – 2:1 1 hour 
Epoxy:Propylene Oxide – 3:1 3 hours 
First Pure Bath (100% Epoxy Resin) 1 hour 
Second Pure Bath (100% Epoxy Resin) 16 hours 
Third Pure Bath (100% Epoxy Resin) 48 hours 
 
After embedding in the epoxy resin the samples were placed in rubber molds, prior 
to polymerization at 60ºC for 18 hours. 
 
The blocks were sectioned in a Reichert SuperNova Ultramicrotome (Leica 
Microsystems) and ultrathin sections of approximately 80 nm were obtained. The 
epoxy sections were mounted in 400 mesh copper grids previously washed in 
undiluted acetone. 
The ultrathin sections were contrasted in a 2% (w/v) uranyl acetate solution for 7 
minutes, washed five times in distilled water and then incubated in lead citrate for 5 
minutes. Lead citrate incubation was not performed under atmospheric CO2 or O2 
control and the grids were washed five times in distilled water and allowed to dry on 
top of a filter paper prior to storage. 
 
The grids were observed in a JEOL JEM-1400 transmission electron microscope 
operating at 120 kV. Images were acquired using an Orius Sc1000 Digital Camera. 
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2.4. Protein-protein Interaction Assays 
2.4.1. Plant Material and Growth Conditions 
Cardoon (Cynara cardunculus L.) seeds were harvested from plants grown in the 
field in the central region of Portugal (Ansião, Leiria) and stored in the dark, at room 
temperature (RT) prior to analysis. The seeds were stratified for 48 hours at 4ºC and 
sterilized in 70% (v/v) ethanol for 1 minute and 15% (v/v) NaOCl4 [≈ 0.75% activated 
chlorine] for 15 minutes. The seeds were washed six times in sterile water and 
hydrated overnight at 4ºC, prior to being placed in petri dishes on top of wet filter 
paper, at room temperature. Seeds were processed after radicle emergence 
(approximately 5 days after plating). 
 
2.4.2. Seed Extracts 
Seed coats were removed prior to tissue homogenization in liquid nitrogen. After 
turning the tissues into a fine powder, a minimum volume of 50 mM Tris-HCl (pH 8.0) 
was added and the extract was allowed to thaw. After thawing, the extract was 
grounded some more, to remove any remaining ice crystals, prior to centrifugation at 
18 000 x g for 10 minutes. 
The supernatant was carefully separated from both the insoluble and lipid-rich 
pellets and stored at -20ºC. 
Protein quantification was performed using the Bio-Rad Protein Assay, according to 
the manufacturer’s protocol, with BSA as a standard for all calibration curves. 
 
2.4.3. Fluorimetric Activity and Inhibitor Assays 
 In order to assess the proteolytic activity present in the seedling extracts, 
fluorimetric activity assays were performed at 37ºC. A dilution series of the extract was 
performed in 50 mM sodium acetate buffer (pH 4.5) or 50 mM Tris-HCl (pH 8.0). The 
fluorescent peptides were added last and the readings were performed in a 
Spectramax Gemini EM fluorimeter as described in Table 14: 
Table 14) A dilution series of 10 µL, 20 µL, 50 µL and 100 µL of seedling extract were prepared in 50 mM acetate 
buffer (pH 4.5) or 50 mM Tris-HCl (pH 8.0), prior to addition of the fluorescent peptide. Fluorescence was 
measured in a Spectramax Gemini EM fluorimeter every 20 seconds for 10 minutes at the indicated wavelengths. 
For the inhibition assays an extra incubation step was performed with the inhibitor, at RT for 10 minutes, prior to 
the addition of the substrate and fluorescence determination. 
Fluorescent 
Peptide 
Peptide Sequence 
Concentration 
Used 
Assay 
Duration 
λexc / λem 
PC (MCA-K)KPAEFFAL(K-DNP) 12.8 µM 10 min 328 nm / 393 nm 
Ala Ala-MCA 10 µM 10 min 380 nm / 460 nm 
Arg Arg-MCA 10 µM 10 min 380 nm / 460 nm 
Bz-Arg Bz-Arg-MCA 10 µM 10 min 380 nm / 460 nm 
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Pepstatin A and AEBSF (Pefablock) were used as inhibitors in subsequent assays by 
pre-incubating them with the diluted extract for 10 minutes at room temperature, 
prior to the addition of the fluorescent peptide.  
 
2.4.4. Escherichia coli Strains, Transfection and Screening 
Two different bacterial strains were used for recombinant protein expression – the 
DH5α strain was used for plasmid replication and maintenance, whereas for 
recombinant protein expression the BL21 Star strain was preferred, mostly due to its 
rne131 mutation which leads to greater mRNA stability, as well as the knock-out of the 
Ion and OmpT proteases, all of which result in a greater stability and level of protein 
accumulation. 
Both strains were transformed by the heat-shock protocol as previously described 
(Section 2.1.5) and subsequently plated in LA medium supplemented with 100 µg/mL 
ampicillin. Plasmid DNA extraction was performed after cell transfection, for screening 
of positive clones by resorting to the QIAprep® Spin Miniprep Kit (Qiagen) as per the 
manufacturer’s protocol. 
A constant volume of 2 µL of unquantified DNA extract was diluted in a final 
volume of 10 µL and subjected to a round of electrophoresis in a 0.8% agarose gel, 
prestained with 1 µL Green Safe (nzytech), run at a voltage of 100 V. DNA band 
patterns were compared with the BenchTop 1kb DNA Ladder (Promega) molecular 
weight standard and one of the positive clones was cryopreserved in a 16% glycerol 
solution for later use. 
 
2.4.5. Recombinant Protein Production 
Positive clones were inoculated in 25 mL of Luria Bertani broth supplemented with 
100 µg/mL ampicillin, and grown at 37ºC with vigorous shaking (180 RPM) overnight. 
10 mL of this pre-inoculum were used to initiate the primary culture, which was 
grown in 500 mL LB (2x) at 30ºC, until reaching an OD600 of 0.5. The primary culture 
was then incubated at room temperature for 1 hour, prior to induction with 0.1 mM 
Isopropyl-β-D-1-thiogalactopyranoside (IPTG). Protein expression was performed at 
room temperature overnight, with an agitation of 180 rpm. 
The cells were pelleted and ressuspended in 30 mL STE buffer [10 mM Tris-HCl, pH 
8.0; 150 mM NaCl; 1 mM EDTA]. Lysozyme was added to the mix, which was then 
incubated for 15 minutes on ice. To this solution, a final concentration of 5 mM DTT 
and 0.25% (w/v) N-laurilsarcosine were added before a harsh sonication treatment of 
3 bursts of 20 seconds was applied. 
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After sonication, the sample was centrifuged at 12 000 x g for 10 minutes. The 
pellet, which contained all cell debris and insoluble protein, was discarded. To the 
supernatant, a final concentration of 0.25% (v/v) Triton X-100 was added, for further 
protein solubilization. 
 
One additional sample was taken, prior to addition of IPTG (t0), which was also 
processed for total protein extraction by being pelleted and ressuspended in 100 µL of 
STE buffer. A short 15 minute incubation on ice, followed by three 5 second-long 
bursts of sonication was sufficient to lyse the cells. The mixtures were then centrifuged 
at 12 000 x g for 5 minutes. The supernatants were separated from the pellets and 
stored at -20ºC, while the pellets were first solubilized in PBS [10 mM Na2HPO4; 
1.8 mM KH2PO4; 140 mM NaCl; 2.7 mM KCl, pH 7.4], prior to storage at -20ºC. 
 
2.4.6. Affinity Chromatography and Pull-down Assay 
Glutathione Sepharose™ 4B (Amersham Biosciences) beads were first equilibrated 
in PBS buffer prior to incubation with the bacterial protein extract at 4ºC, for 1 hour. 
The matrix was thoroughly washed in 100 mL PBS for the removal of all unbound 
protein. The matrix was then incubated with the cardoon seed extract for 60 minutes 
at 4ºC, and packed into a column where another 100 mL PBS were used for unbound 
protein wash-out. Three elution buffers were employed – low salt PBS [PBS buffer with 
250 mM NaCl], high-salt PBS [PBS buffer with 1.4 M NaCl] and glutathione elution 
buffer [10 mM reduced glutathione in 50 mM Tris, pH 8.0]. These buffers were 
employed sequentially. For the PBS elutions a 10 minute incubation was performed 
prior to collecting the first 1 mL aliquots. Five low-salt elutions and ten high-salt 
elutions were collected, prior to performing the glutathione elution. 5 mL glutathione 
elution buffer were added to the column and a 10 minute incubation step was 
performed prior to the collection of each 600 µL aliquot. 
 
2.4.7. SDS-PAGE and Gel Staining 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels were 
prepared for the visualization of total protein extracts and purified protein fractions. 
The running gel had a final concentration of 12.5% (v/v) acrylamide, supplemented 
with 0.5 M Tris (pH 8.8) and 0.2% (v/v) SDS. The polymerizing agents used were 
ammonium persulfate (APS) and N, N, N’, N’-tetramethylethylenediamine (TEMED), 
both used at an equimolar concentration of 0.1% (v/v). 
The running gel was covered in a thin layer of 2-propanol and allowed to 
polymerize before preparation of the stacking gel. The stacking gel was prepared at a 
concentration of 4% (v/v) acrylamide supplemented with 0.4 M Tris (pH 6.5) and 
39 FCTUC 
The Plant Specific Insert (PSI) and it’s Molecular Role in Protein Sorting 
 
0.2% (v/v) SDS. The polymerizing agents used were also APS and TEMED, at an 
equimolar concentration of 0.1% (v/v). 
Both gels were run in a BioRad Mini-PROTEAN, or mini-PROTEAN Tetra Cell 
apparatus, previously loaded with electrophoresis buffer [0.1 M Tris; 0.05 M Bicine; 
0.1% (v/v) SDS], prior to loading of the samples. 
Samples taken from elution fractions were denatured in sample buffer [125 mM 
Tris-HCl, pH 6.8; 100 mM Glycine; 4% (v/v) SDS; 8% (v/v) β-mercaptoethanol; 8 M urea; 
0.001% (w/v) bromophenol blue]. 
Following SDS-PAGE, the gels were stained with Coomassie Brilliant Blue R-250 
[2.5% (w/v) Coomassie R-250; 45% (v/v) methanol; 10% (v/v) acetic acid] for 30 
minutes, before being transferred to destaining solution [25% methanol; 5% acetic 
acid]. 
Some of the gels loaded with the elution fractions were further subjected to silver 
nitrate staining, in order to search for rare protein fractions. Silver staining was 
performed only after thorough Coomassie destaining. The gels were fixed in 
Coomassie destaining solution [25% methanol; 5% acetic acid] for 30 minutes, 
followed by a 10 minute wash in 50% ethanol and a second 10 minute wash in 30% 
ethanol. The gel was then sensitized for 1 minute in sodium thiosulfate (0.2 g/L) and 
washed twice for 20 minutes in milli-Q water. 
Following these steps the gel was incubated in a silver nitrate solution (2.0 g/L) for 
20 minutes, washed with water for excess AgNO3 removal and incubated in the 
revealing solution [0.03% (v/v) formaldehyde; 3% (w/v) sodium carbonate; 10 mg/L 
sodium thiosulfate] for approximately 10 minutes, which was enough time for the 
bands to acquire sufficient intensity without becoming over-exposed. Revelation was 
stopped by incubating the gel in stop solution [5% Tris (w/v); 2.5% (v/v) acetic acid] for 
1 minute and thoroughly rising it in milli-Q water. 
 
2.4.8. Zymograhy 
Seed extracts were subjected to zymography, for the detection of proteolytic 
activity. 12.5% polyacrylamide gels were prepared as previously described (Section 
2.4.7) and supplemented with 1 mg/mL gelatin. Samples were complexed in sample 
buffer [125 mM Tris-HCl, pH 6.8; 4% (v/v) SDS; 20% (v/v) glycerol; 0.1% (w/v) 
bromophenol blue] and incubated for 10 minutes at RT, prior to being loaded in the gel. 
The electrophoresis was performed at 120 V for 100 minutes, at 4ºC with a Tris-Bicine 
running buffer. 
After electrophoretic separation of the samples the gels were washed twice for 30 
minutes in either 50 mM Tris-HCl (pH 8.0), or 50 mM sodium acetate buffer (pH 4.5) 
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supplemented with 0.25% (v/v) Triton X-100, and rinsed with milli-Q water for removal 
of excess Triton X-100. 
The gels were then incubated ON at 37ºC in fresh buffer, and subjected to 
Coomassie staining as previously described (Section 2.4.7). 
 
2.4.9. Western Blotting  
In order to prove the presence of the recombinant PSI fragment in the elution 
fractions we resorted to Western Blotting. SDS-PAGE was performed as previously 
described, and the protein was transferred from the gel to a polyvinylidene fluoride 
(PVDF) membrane, previously activated in methanol for 30 seconds and equilibrated in 
Tris-Glycine transfer buffer [20% (v/v) methanol, 25 mM Tris, 192 mM Glycine] for 10 
minutes. The electrotransference was performed for 60 minutes at 100 V and room 
temperature, with constant stirring of the buffer. 
After the transference was concluded, both the gel and the membrane were 
stained for detecting the presence of protein fractions. The acrylamide gel was stained 
with Coomassie Brilliant Blue R-250 as previously described, in order to confirm 
complete protein transference. Simultaneously, Ponceaus S staining was performed on 
the PVDF membrane by incubating the membrane in staining solution [0.1% (w/v) 
PonceauS in 5% (v/v) acetic acid] (Sigma) for 10 minutes. 
The membrane was washed with TBS-T [20 mM Tris-HCl, pH 7.6; 140 mM NaCl, 
0.1% (v/v) Tween® 20] and blocked in saturation buffer [0.25% (w/v) non-fat milk 
powder in TBS-T]. The primary antibody consisted of either whole-serum from rabbit 
inoculated with the PSI-specific peptide KNNVKSSGGIHDE, a chromatography-purified 
antibody fraction obtained through the pull-down of the rabbit serum against the PSI 
peptide and eluted under pH 2.0 and high Mg2+ concentrations, or a commercial 
anti-GST antibody (GE Healthcare Life Sciences), and they were diluted in saturation 
buffer as described in Table 15. The membrane was incubated in the primary antibody 
solution ON at 4ºC and subsequently washed four times with TBS-T. 
Table 15) All antibodies used during Western Blotting procedures, as well as their respective concentrations are 
listed in the following table. The Anti-PSI antibody is a polyclonal antibody and both the whole-serum and an 
elution fraction of a chromatography purification were used for membrane probing. Anti-GST and secondary 
antibodies were commercially acquired. 
Primary Antibody 
Ab Specificity Concentration Used Observations 
Anti-PSI 
(whole serum) 
1:1000 
Raised against the PSI-
specific peptide 
KNNVKSSGGIHDE 
Anti-PSI 
(polyclonal, monospecific 
Ab) 
1:250 
Purified by pulling-down 
the protein from the 
serum with affinity 
towards the PSI peptide. 
Anti-GST 1:1000 
GE Healthcare Life 
Sciences 
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Secondary Antibody 
Anti-Rabbit IgG 1:10 000 
GE Healthcare Life 
Sciences 
Anti-Goat IgG 1:20 000 ZyMax™ 
 
The secondary antibodies were either a purified anti-rabbit IgG or anti-goat IgG 
antibody covalently linked to an alkaline phosphatase molecule and were diluted 
1:10 000 and 1:20 000 respectively in TBS-T supplemented with 0.25% (w/v) non-fat 
milk powder. The membrane was incubated in the secondary antibody solution at 4ºC 
for 1 hour, and subsequently washed four times in TBS-T. The membranes were 
revealed by incubating with ECF substrate (GE Healthcare Life Sciences) for 10 minutes 
prior to image acquisition with a VersaDoc™ Imaging System (Bio-Rad). All membrane 
washing and blocking steps were performed with the SNAP i.d.® Protein Detection 
System (Merck Millipore). 
 
2.5. Bioinformatics Analysis 
Given the lack of structural information available for plant APs, and chlapsin in 
particular, a thorough bioinformatics analysis was performed. An initial analysis for the 
presence of classical chloroplast import signals was performed for this protease. 
Chlapsin was also analysed in terms of putative glycosylation and phosphorylation sites. 
Emphasis was given to chlapsin’s PSI domain and a parallelism was drawn to 
cardosins’ PSI domains. We were particularly interested in comparing the different 
domains through protein sequence alignments, as well as searching for putative 
glycosylation and phosphorylation sites. The prediction of disulphide bridges was also 
performed for chlapsin’s PSI.  
 
2.5.1. Searching for Classical Chloroplast Transit Peptides in Chlapsin 
Chlapsin’s chloroplastidial subcellular accumulation was previously described 
(Almeida et al., 2012). Nuclear-encoded chloroplastidial proteins are generally 
synthesized in the cytoplasm, being imported directly through the recognition of a 
transit peptide. 
For this reason, chlapsin’s amino-acidic sequence was subjected to the predictive 
algorithm ChloroP (version 1.1) (http://www.cbs.dtu.dk/services/ChloroP/). This 
program is a neural network based method used for the identification of chloroplast 
transit peptides (cTPs), and their respective cleavage sites. cTPs can be highly variable 
from protein to protein but generally tend to be rich in hydroxylated residues, have a 
low content of acidic residues, and the semi-conserved motif (I/V-X-A/C)↓)A tends to 
be present around the cleavage site – indicated by the ↓ arrow (Emanuelsson et al., 
1999). 
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2.5.2. PSI Domains – Chlapsin and Cardosins – a Comparative Analysis 
This work focused on the comparison between cardosin A’s PSI domain, a known 
and widely characterized VSD, and chlapsin’s PSI domain, a mostly unknown domain, 
whose primary structure reveals clear differences from most PSI domains. In order to 
decide what kind of bioinformatics analyses should be performed on this new PSI 
domain, a sequence alignment was performed between cardosin A and B’s PSI 
domains and chlapsin’s PSI. This sequence alignment was performed with the T-Coffee 
programme (http://tcoffee.crg.cat/apps/tcoffee/index.html). 
Both cardosin A and cardosin B PSI domains were subjected to an initial alignment 
in T-Coffee Expresso, which is a multiple sequence alignment server capable of aligning 
sequences while incorporating structural information available at the Protein Data 
Bank (PDB) (Armougom et al., 2006). The alignment was performed using the 
best_pair4prot and slow_pair pairwise alignments and MODE_PDB, for automatic 
detection of homologous structures with BLAST. This resulted in the automatic 
assignment of the PDB entry 1qdmc, which corresponds to the crystal structure of 
prophytepsin, to both PSI sequences. 
Alignment of chlapsin’s PSI was done afterwards, using the previous FASTA 
alignment file as input of the cardosin PSI sequences. This second alignment was also 
done resorting to the best_pair4prot and slow_pair pairwise alignments and 
MODE_PDB parameters. 
 
2.5.3. Post-Translational Modifications 
Sequence alignment of all three PSI domains (cardosin A, cardosin B and chlapsin), 
revealed the prevalence of a conserved tyrosine (cardosin A’s Y323) in chlapsin’s 
domain. Another conserved structural motif present in most PSI domains is a glycan 
structure, proven to be present in cardosin B’s PSI but absent from cardosin A’s. 
The presence of six conserved cysteine residues and their corresponding disulphide 
bridges is also an important structural motif present in most saposin folds, and 
responsible for PSI A’s interaction with lipids, as demonstrated by Egas and 
collaborators. 
 
2.5.3.1. Putative Glycosylation Patterns 
Pereira C. (2012) demonstrated the importance of glycan structures as 
modulators of protein sorting, particularly at the level of cardosin PSI domains and 
how they leave the endoplasmic reticulum in their way towards the lytic vacuole. This 
first step in plant glycobiology will no doubt help elucidating how glycan structures 
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might be involved in the modulation of protein sorting and the activation of different 
sorting pathways towards the same subcellular destination. 
In order to explore this possibility for chlapsin’s PSI domain we performed an 
initial bioinformatics analysis, searching for N-linked glycan structures that could be 
present in this domain. The search was performed with the aid of the “NetNGlyc” tool 
(version 1.0) (http://www.cbs.dtu.dk/services/NetNGlyc/), which are methods based 
upon neural networks trained in the identification of the consensus sequence Asn-Xaa-
Ser/Thr (where Xaa is not Pro) (Gupta et al., 2004). 
 
2.5.3.2. Conserved Cysteine Residues and Disulphide Bridge Formation 
Egas and collaborators have shown the importance of the six conserved cysteines, 
and their associated disulphide bridges, in cardosin A’s PSI domain structural “saposin 
fold” and its importance for the in vitro interaction with lipid vesicles. Being a 
conserved structural motif in all PSI domains, we decided to analyse chlapsin’s PSI 
domain as well – we were particularly interested in understanding if the six conserved 
cysteines were present and if the 80 amino-acid long alanine-rich insertion was 
somehow capable of disrupting the formation of the three disulphide bridges between 
them. 
In order to perform this analysis, we resorted to the DisLocate web tool 
(http://dislocate.biocomp.unibo.it/dislocate/index), a two-stage method for predicting 
disulphide bonding in Eukaryotes, based on a machine learning strategy (Savojardo et 
al., 2011). An initial analysis was performed bearing in mind only the three different 
PSI sequences (cardosin A, cardosin B and chlapsin PSIs). A second round was 
performed using the entire AP sequences, in an attempt at determining if cysteine 
residues outside of the PSI domain could somehow interact and change the previously 
predicted model. 
 
2.5.3.3. Putative Phosphorylation Patterns 
For putative phosphorylation site prediction the web-tool “NetPhos” (version 2.0) 
(http://www.cbs.dtu.dk/services/NetPhos/) was used. This tool is based upon a 
non-linear artificial neural network which analyses a window of 9 residues around 
every tyrosine, threonine and serine residues, returning a probability score of that 
location being phosphorylated in vivo (Blom et al., 1999). Entire AP sequences for both 
cardosins A and B, as well as chlapsin were analysed simultaneously. 
 
2.5.3.4. Putative Kinase Prediction 
The previously identified putative phosphorylation sites were further analysed in 
terms of kinase affinity. The analysis was performed with the KinasePhos 2.0 
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prediction software, a web-based tool which incorporates support vector machines, 
protein sequence profiles, and protein coupling patterns for identifying 
phosphorylation sites and their associated kinases 
(http://kinasephos2.mbc.nctu.edu.tw/) (Wong et al., 2007). 
 
2.5.3.5. Electronic Fluorescent Pictograph (eFP) Browser Analysis 
Arabidopsis thaliana predicted kinase homologues were analysed in terms of 
microarray data with the eFP Browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). 
The eFP Browser is an engine capable of generating color-coded pictographic 
representations of large-scale microarray datasets from the AtGenExpress Consortium 
(Winter et al., 2007). 
All genes were initially analysed in the developmental map series, in relative 
mode, for determining the signal threshold most appropriate for the selected kinase 
gene. Ratio calculations with low expression values were masked in all situations and 
special emphasis was given to tissues showing a ≥ 2 fold ≤ 0.5 fold values in gene 
expression. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
RESULTS
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3.1. Cardosin and Chlapsin Fluorescent Chimaeras 
To study the influence of the PSI domain in aspartic proteinases’ sorting, we 
planned a series of fluorescent chimaeras and truncated versions of the original 
proteins – the idea being to set up an in-depth study of this novel PSI domain 
belonging to the algal chlapsin, as well as expanding the study of AP sorting 
mechanisms to models representative of all photosynthetic eukaryotes by cross-linking 
the use of the model systems Arabidopsis thaliana with the one of Chlamydomonas 
reinhardtii. We were particularly interested in validating Arabidopsis as a model for 
Agrobacterium-mediated transient expression of cardosins, as well as preparing and 
testing fluorescent chimaeras of these plant APs in Chlamydomonas. This approach 
should help us in understanding the level of conservation of these PSI-mediated 
sorting routes, as well as understanding the role that chlapsin’s PSI domain plays in its 
trafficking, if at all. 
 
3.1.1. Fluorescent Proteins 
At the time this project was initiated there was no other choice for 
Chlamydomonas other than the codon-optimized GFP (CrGFP), which was chosen for 
the previously cited reasons (Section 2.1.1.1) and employed in all DNA constructs to be 
tested in the algae.  
For Arabidopsis thaliana, a wider array of fluorescent proteins is available and 
many of the constructs to be used in this work were already fused to the red 
fluorescent protein mCherry. For the new chlapsin constructs however, we decided to 
utilize the yellow fluorescent protein mBanana, given the chloroplastidial accumulation 
of this algal AP. During this work both CrGFP and mBanana had to be amplified 
through PCR reactions, in which restriction enzyme adapters were incorporated into 
their sequence for easier sub-cloning procedures. After amplification the PCR products 
were cloned into pCRBlunt® and positive clones were evaluated by restriction 
digestion (Figure 8). CrGFP positive clones were determined by Nde I and Eco RI double 
restriction in both pCR Blunt (Figure 8, a) and the expression vector, pDBle (Figure 8, b). 
mBanana positive clones in pCR Blunt were determined by Bam HI and Sal I double 
restriction (Figure 8, c). Both cDNAs were correctly sequenced, the CrGFP becoming 
available both for the construction of fusion proteins and as a positive control for the 
Chlamydomonas reinhardtii transfection protocols. The mBanana cDNA became 
available for the construction of fusion proteins in pCR Blunt. 
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3.1.2. Cardosins in Chlamydomonas 
By studying cardoon APs (such as cardosin A) in Chlamydomonas reinhardtii, we 
hoped to understand the level of conservation displayed by the previously identified 
cardosin A VSDs. In particular, we were interested in understanding if cardosin A’s PSI 
domain would still be capable of vacuolar targeting through a Golgi-independent 
pathway, and if its c-terminus (previously characterized as a typical ctVSD) would still 
work in the algal system. 
In order to achieve this goal we prepared two different constructs – cardosin A 
fused to the CrGFP protein and a truncated form, lacking the PSI domain (cardosin 
AΔPSI) (Figure 9). 
We were unable to finish these cDNA constructs in time however, as sequencing 
results persistently revealed the incorporation of DNA base pair mismatches in 
cardosin A’s nucleotide sequence. These mismatches often resulted in the alteration of 
the codons’ respective amino-acid and could not be ignored. 
For cardosin A Δ PSI we were unable to isolate a clone whose insert was correctly 
oriented, the CrGFP fusion consistently being performed at the AP’s N-terminus. 
 
3.1.3. Chlapsins in Chlamydomonas 
By analyzing the three chlapsin constructs in its native system we intended to 
understand if chlapsin’s PSI domain played a role in the AP’s chloroplastidial 
subcellular accumulation. We were also curious as to what role the alanine-rich 
insertion, which is so unique to this PSI domain, could have in its function. Most of 
these cDNA constructs were already available at our laboratory and PCR amplification 
was performed for the addition of restriction enzyme adapters. Both truncated 
Figure 8) Restriction analysis and molecular 
weight determination for the screening of 
fluorescent protein cDNA constructs. The CrGFP 
cDNA was analysed in pCR Blunt (A), and pDBLe 
(B) through an NdeI/Eco RI double restriction. 
mBanana cDNA was successfully cloned into pCR 
Blunt and positive clones determined through 
Bam HI/Sal I double restriction (C). The 
molecular weight standard used was 
GeneRuler™ DNA Ladder Mix (Fermentas). 
Figure 9) Restriction analysis and molecular 
weight determination for the screening of 
cardosin A (A) and cardosin AΔPSI (B) – CrGFP 
fusions. Both cDNA fusions were successfully 
cloned into pCR Blunt and positive clones were 
assayed through Hind III restriction analysis. The 
molecular weight standard used was 
GeneRuler™ DNA Ladder Mix (Fermentas). 
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versions were successfully completed and subcloned into the algal expression vector 
pDBle; the native Chlapsin:CrGFP fusion incorporated nucleotide errors and was only 
obtained into the cloning vector – pCR Blunt (Figure 10). 
 
3.1.4. Chlapsins in Arabidopsis 
In order to study the level of conservation of the sorting mechanisms associated 
to chlapsin, as well as further dissecting them in a way that would not be possible in 
the algal system, chlapsin constructs were prepared for transient expression in 
Arabidopsis thaliana. For this motive, the cDNA sequences of all three chlapsin 
constructs were amplified by PCR reaction, for restriction enzyme adapter integration, 
and cloned into pCR Blunt. Positive clones were identified by Nde I and Sal I double 
restriction (Figure 11), which further confirmed the correct insertion of the restriction 
enzyme adapter sequences. cDNA sequencing remains to be performed for the 
confirmation of correct sequence amplification. The cDNA encoding mBanana was also 
amplified with compatible enzyme adapters and cloned into pCR Blunt as described 
previously (Section 2.1.1), but we did not have sufficient time for performing 
C-terminal fluorescent chimaeras or subcloning into an expression vector.  
 
 
 
3.2. In vivo Experimentation 
Two different experimental models were used for this work – the higher plant 
model Arabidopsis thaliana and the unicellular green algae Chlamydomonas reinhardtii. 
The original plan of exploring the PSI-associated protein sorting mechanisms in these 
Figure 10) Positive clones of chlapsinΔPSI (A) and 
chlapsinΔAla (B) fused to the cDNA sequence of 
CrGFP in the expression pDBle vector were 
determined by Ava I restriction mapping. Native 
chlapsin fused to CrGFP was successfully cloned 
into pCR Blunt and positive clones were assayed 
by Eco RI restriction mapping (C). The molecular 
weight standard used was Fermentas’ Gene 
Ruler™ DNA Ladder Mix. 
Figure 11) Native chlapsin (A) and the truncated 
chlapsinΔPSI (B) and chlapsinΔAla (C) constructs 
were successfully amplified by PCR reaction and 
cloned into pCR Blunt. Positive clones were 
identified by Nde I/Sal I double restriction. The 
molecular weight standard used was Fermentas’ 
GeneRuler™ DNA Ladder Mix. 
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two systems simultaneously should prove invaluable in understanding its associated 
molecular machinery at the most fundamental of levels, given how pairing up these 
two models results in a powerful representation of the photosynthetic eukaryotes 
(Glutman and Niyogi, 2004). 
 
3.2.1. Zeocin Titration Experiment 
The Chlamydomonas reinhardtii expression vector used in this work – pDBle – was 
originally designed at the University College London by Dr. Saul Purton’s team. Derived 
from the nuclear expression pGenD vector (Fischer and Rochaix, 2001), the pDBle 
vector was generated by cloning the BLE marker downstream of the expression 
cassette. This BLE marker is a dominant selectable marker for nuclear transformation, 
capable of conferring resistance towards bleomycin antibiotics, DNA-damaging 
compounds which actively kill non-resistant cells. 
In order to determine the appropriate antibiotic concentrations for obtaining 
complete cell death, Chlamydomonas reinhardtii CC-3056 cultures were initiated as 
previously described in a series of zeocin concentrations (Section 2.2.4), and the 
spectrophotometric readings were plotted on a graph (Figure 12). Even though this 
titration experiment was performed only once (n = 1), we decided to use 5 µg/mL as 
our standard zeocin concentration for selective TAP media and positive transformant 
selection. 
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Figure 12) Chlamydomonas reinhardtii strain CC-3056 was used for the zeocin titration experiment. Liquid 
cultures were initiated and maintained as previously described (Section 2.2.3), in the presence of 
increasing zeocin concentrations. The antibiotic was shown to completely inhibit growth for all 
concentrations tested. 
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3.2.2. NP-40 Sensitivity Assay 
Given the lack of success with the Chlamydomonas transfection protocols we 
decided to perform an NP-40 sensitivity assay. NP-40 is a non-ionic detergent to which 
these cells can mildly resist when they have a cell wall. cw15 walless mutants are 
highly sensitive however, and the detergent induces cell lysis after a short incubation 
period.  
After being incubated in a detergent solution the cells were counted in a 
haemocytometer and the data was plotted on a graph as shown below (Figure 13):  
 
Three independent assays were performed for all strains. It is clear from the assay 
that the CC-406 strain is indeed lacking a cell wall, given complete cell lysis after a 10 
minute incubation in a 0.2% (v/v) NP-40 solution. Surprisingly the CC-3056 strain 
revealed high detergent tolerance, which might hint at the presence of a cell wall, thus 
explaining the failure in transfecting this strain through any of the methods tested. 
By applying the formula previously presented in Equation 2 - Section 2.2.5, we 
estimated the % of cell lysis after incubation in the non-ionic detergent (Figure 14). 
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Figure 13) All three Chlamydomonas strains were incubated with NP-40 for testing against the presence of cell 
walls. The strain CC-48 is known to possess a cell wall and thus was used as a negative control. Both CC-406 and 
CC-3056 strains are currently labelled as cw15 walless mutants, though the latter shows tolerance to the 
detergent treatment. 
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Figure 14) Sensitivity of the three different Chlamydomonas strains to the non-ionic detergent P-40. By using the 
equation presented in the methodology (Section 2.2.5) we estimated the cell lysis suffered by each 
Chlanydomonas reinhardtii strain after being incubated in a non-ionic detergent solution for 10 minutes. CC-48 is 
a widely used strain with a cell-wall, and was used as a negative control. Coincidentally, and even though both 
CC-406 and CC-3056 strains were labelled as cw15 mutants, the latter shows a much higher degree of resistance 
towards NP-40. 
 
3.3. Cell Imaging 
3.3.1. Cardosin A and PSI localization in A. thaliana 
The localization and final accumulation of cardosin A fluorescent chimaeras and PSI 
constructs was tested in the Arabidopsis thaliana plant model by the high-throughput 
methodology developed by Marion et al. (2008). Initial controls included the imaging 
of wild-type non-infected seedlings under the confocal laser scanning microscope, for 
the screening of the tissues’ natural autofluorescence levels (Figure 15). 
Preliminary results confirm and validate the utility of the Arabidopsis leaf epidermis 
for studying the protein sorting and trafficking of these fluorescent chimaeras, as all 
constructs are correctly targeted to the large central vacuole (Erro! A origem da 
referência não foi encontrada.).  
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Figure 15) Non-infected wild type plants were analysed under the laser scanning confocal microscope 
after being grown in the multiwell system for autofluorescence screening. Images were taken with the 
same settings as those used for GFP (A), mCherry (B), and chlorophyll (C). The Nomarski differential 
interference contrast (D) is presented for comparison. Bars: A-D, 100 µm. 
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Figure 16) Subcellular localisation of mCherry-tagged cardosin A (A), cardosin AΔPSI (B, C), and 
cardosin A’s PSI domain (D, E and F). All constructs were transiently expressed in Arabidopsis thaliana 
using vacuum-mediated Agrobacterium infiltration. Images were taken at 3 days post-infiltration and  
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acquired using the 561 nm laser. For all examples, mCherry fluorescence, autofluorescence and the 
merge of both these channels with the Normarski Differential Interference Contrast is presented. 
Bars: A, B, D, 100 µm; C, 50 µm; E, F, 25 µm. 
 
3.3.2. Ultrastructural Analysis 
Chlamydomonas reinhardtii cells were fixated by a standard cacodylate buffer 
protocol and polymerized in epoxy resin. Micrographs of ultrathin sections showed the 
presence of highly turgid cells and highly disorganized plasma membranes (Figure 17), 
unsuitable for phenotypic analysis of chlapsin over-expressing cell lines. In order to 
solve this problem we employed an extra step in the fixation protocol – pre-inclusion 
of the cells in gelatine traps the cells in a protective matrix, which stabilizes both 
plasma membrane and organellar architecture (Figure 18). To our knowledge this 
approach has never been employed for the study of this unicellular algae’s 
ultrastructure and should provide useful for phenotypic characterization of chlapsin 
over-expressing or mutant cell lines. 
 
 
 
 
A B 
C D 
Figure 17) Ultrastructural micrographs of Chlamydomonas reinhardtii strain CC-48, using a 
standard cacodylate buffer fixation protocol. The cell culture was grown for 4 weeks prior to 
processing. General view of the cells (A, D) shows an overall turgid appearance. The most 
delicate membrane structures also appear highly disorganized and detached from the cells 
(B). The internal membranous structures have a warped and disorganized appearance (C). 
Scale Bars: A, B, D, 2 µm; C, 0.5 µm. 
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Figure 18) Ultrastructural micrographs of Chlamydomonas reinhardtii strain CC-48 using the gelatine 
pre-inclusion step. The cell culture was grown for 4 weeks prior to processing.  The gelatine matrix can be 
seen all around the cells, stabilizing membrane structures in particular the plasma membranes, as can be 
observed in recently divided cells (A, F). Internal structures appear contained and with sharper detail 
(C-E), allowing for the identification of the chloroplast’s internal membrane structures, at high 
amplifications (E). Ch – chloroplast, CW – Cell Wall, Fl – Flagellar attachment structures, N – Nucleus, 
Nc - Nucleolus, Pyr – Pyrenoid, St – Starch Grain, V – Vacuole. Scale Bars: E, F, 2 µm; A, D, 1 µm; B, 0.5 µm; 
C, 200 nm. 
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3.4. Protein-protein Interaction Assays 
The PSI domain has been characterized as a vacuolar sorting determinant for both 
cardosins A and B. In both APs this domain has been shown to mediate this vacuolar 
trafficking through apparently different pathways, thus hinting at the presence of 
different molecular mechanisms responsible for its mode of action. 
In an attempt at understanding the molecular mechanisms responsible for 
PSI-mediated sorting, we resorted to the recombinant production of cardosin A’s 
non-glycosylated PSI in the heterologous system Escherichia coli. This recombinant PSI 
was then used for pull-down assays of Cynara cardunculus seed extracts. Our focus on 
the onset of germination was tied to the physiological time-point at which cardosin A is 
first expressed in its native system (Pereira et al., 2008). 
 
3.4.1. Determination of Seedling Extracts’ Proteolytic Activity 
Cardoon is widely known and characterized for the proteolytic potential of its 
extracts, in particular in terms of aspartic proteinase activity. Seed germination has 
previously been reported as a time-point for cardosin A expression and biosynthesis 
(Pereira et al., 2008) – this protease could be a source of instability for our 
recombinant PSI, potentially ruining the pull-down experiments – for this reason the 
extracts’ proteolytic activity was determined with the aid of fluorescent peptide 
substrates.  
The first step consisted in assaying a dilution series at acidic pH with a 
cardosin-specific fluorescent peptide, in order to determine how much extract volume 
should be used in the detection of activity. Given the strong colour present in our 
substrate it comes as no surprise that with higher extract volumes, less fluorescence is 
detected during the assay (Figure 19). The acidic pH also resulted in protein 
precipitation, which only worsened this outcome.  
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After determining the most appropriate volume for the subsequent assays we 
repeated the experiments, this time with our sample buffer (Tris-HCl, pH 8.0), and with 
a wider range of peptide substrates. The bulk of proteolytic activity was detected 
against the Benzoyl-L-Arginine-4-Methyl-Coumaryl-7-Amide (Bz-Arg-MCA) peptide, a 
typical substrate for serine proteases of the trypsin family (Erro! A origem da 
referência não foi encontrada.). No activity was detected against L-Alanine-4-Methyl-
Coumaryl-7-Amide (Ala-MCA) – a typical substrate for aminopeptidases – or against L-
Arginine-4-Methyl-Coumaryl-7-Amide (Arg-MCA) – a typical substrate for cysteine 
proteases (Data not shown). 
The use of the cardosin-specific peptide [(MCA-K)KPAEFFAL(K-DNP)] was also 
attempted at pH 8.0 in order to determine if aspartic proteases, and cardosins in 
particular, were active in the seed extracts. This was confirmed albeit with low overall 
activity. 
These results were further confirmed by the addition of pepstatin A – an aspartic 
protease specific inhibitor – to the PC assays, and AEBSF (Pefablock) – a serine 
protease specific inhibitor – to the Bz-Arg activity assay. Fluorescence determination 
showed inhibition of activity with the use of pepstatin A, but pefablock appeared to 
have no effect whatsoever (Figure 20). 
 
In parallel to the fluorescent peptide substrates, proteolytic activity at both pH 
values was also assayed through zymography, which further confirmed our previous 
results (Figure 21).  
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Figure 19) A dilution series was performed with the crude extract. Optimum substrate and pH values were 
employed for detection of AP proteolytic activity. Due to the extract’s deep green colour and its tendency to 
precipitate at acidic pH, the generation of background noise capable of disrupting fluorescence 
determination increased, with increasing extract volumes.  
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Figure 21) Zymogram against the first fractions of the seedling pull-down at pH 8.0 (A) and pH 
4.5 (B). Lanes represent, from left to right, crude extract (1), extract protein washout (2), first 
PBS wash (3) and second PBS wash (4). The zymogram reveals slight proteolytic activity at pH 
8.0, wish is abolished at lower pH values. An SDS-PAGE of the seed extract is presented (C), for 
a crude comparison of the amount of protein loaded in the first lane of each zymogram 
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Figure 20) Proteolytic Activity Determination. Seedling extract proteolytic activity was assayed with the 
aid of MCA-bound peptide substrates, activity being detected towards the Bz-Arg and PC peptides. The 
assays were further repeated in the presence of pepstatin A and AEBSF for further confirmation of the 
protease families involved. 
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3.4.2. Seedling Pull-down Assays 
We used recombinant cardosin A’s PSI domain fused to a GST-tag, immobilized 
in a GST-Sepharose matrix, for the pulling-down of protein fractions from the crude 
seed extract with an affinity towards this AP domain. A three step elution was 
performed in order to further separate the fractions into non-specific interactors, 
eluted with a low ionic strength solution (PBS with 250 mM NaCl), highly-specific 
interactors, eluted with a high ionic strength solution (PBS with 1.4 M NaCl), and a 
GST-associated fraction (eluted with 10 mM reduced glutathione). 
SDS-PAGE of these elution fractions reveals the presence of only trace amounts 
of protein in the salt washes, that are absent from the negative control, where 
recombinant PSI was omitted from the procedure (Figure 22). Another negative 
control, in which the pull-down is made against an empty GST-tag is currently 
underway and could bring further confirmation about the specificity of these results 
prior to mass-spectrometry determination and peptide sequencing techniques can be 
applied. 
In parallel, we further analyzed the elution fractions through Western Blotting 
for the presence of both the GST-tag and the PSI domain, which were present only in 
the glutathione elution fractions (Figure 23) providing evidence for the overall stability 
of the system employed in the pull-down. Lastly, and to guarantee that the 
recombinant PSI domain had not cross-linked with the native PSI domain, pulling-down 
native procardosin A, we performed a zymogram analysis on the elution fractions at 
both pH 8.0 and 4.5, which resulted in no observable activity for any of the fractions 
(data not shown). 
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Figure 22) SDS-PAGE of the protein fractions 
pulled-down with cardosin A’s recombinant PSI 
domain. Electrophoretic separation of the 
different fractions reveals very faint bands in the 
saline elutions (B – lanes 1 to 4 – red arrows), 
that are absent in the negative control, where no 
GST-PSI was immobilized to the sepharose 
matrix prior to the pull-down protocol (C). L – 
Molecular Weight Marker, 1 and 2 – first two 
low-salt elutions (250 mM NaCl), 3 and 4 – first 
two high-salt elutions (1.4 M NaCl), 5 and 6 – 
first two glutathione elutions. 
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Figure 23) Western Blotting against both the PSI and the GST-tag reveals the presence of the GST-PSI fusion 
protein in the glutathione elution fractions (Lanes 1 and 2, in all membranes). Membranes A and B were probed 
with an anti-PSI antibody (both the whole-serum and the affinity chromatography elution fraction, 
respectively), whereas membrane C was probed with a commercial anti-GST antibody. No signal was detected in 
the salt elutions, for any of the antibodies (not shown). 
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3.5. Bioinformatic Analysis 
The lack of structural information on plant APs presents a challenge towards the 
study of their biological function. Therefore, bioinformatics’ analyses and predictions 
play a particularly crucial role in this area of knowledge. 
For this reason we analyzed chlapsin, cardosin A, cardosin B and phytepsin (the de 
facto model plant AP) in regards to their cysteine content, disulphide bridge formation, 
N-linked glycan structures and phosphorylation patterns. Some of these analyses had 
already been previously described in a variety of works, but with the constant 
development and upgrade of the prediction algorithms and web-based tools a regular 
analysis is always advisable. 
 
3.5.1. Searching for Classical Chloroplast Transit Peptides in Chlapsin 
Chlapsin had already been previously described as a typical AP with a 
chloroplastidial subcellular accumulation pattern (Almeida et al., 2012), however the 
presence of a putative N-terminal signal peptide and glycosylation site in the PSI 
domain opened up the possibility this proteinase might reach the chloroplast through 
a non-canonical trafficking pathway – through the secretory pathway, rather than the 
TOC-TIC complex. 
In order to corroborate this vision, the web-based tool ChloroP was used for the 
search and detection of classical chloroplast transit peptides. This program employs a 
neural-networks’ based system previously trained in the detection of both the cTPs 
and their cleavage sites. cTPs can be highly variable from protein to protein, but will 
generally be rich in hydroxylated residues, have a low content of acidic residues and a 
semi-conserved motif around the cleavage site, which this software analyzes and 
predicts. 
The software fails in the prediction of one such transit peptide, further hinting at 
the previously raised hypothesis that this is indeed a chloroplastidial protein capable of 
reaching this organelle through the secretory pathway (Figure 24).  
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3.5.2. Post-Translational Modifications 
Post-translational modifications play an important role in functional regulation 
both at the molecular and cellular levels. Plant APs are no different in regards to 
suffering such modifications. Some of these, like disulphide bridge formation and 
N-linked glycosylation have previously been associated with important biological 
functions, such as protein-lipid interactions, or the modulation of the cellular protein 
sorting pathways. 
In this work we have analyzed chlapsin, cardosins A and B, and phytepsin in regards 
to a series of post-translational modifications. A special emphasis was drawn towards 
their PSI domains, but whole-AP analysis was also employed for most of the 
predictions. 
 
3.5.2.1. Putative Glycosylation Patterns 
As previously demonstrated, N-linked glycans can have a profound effect in the 
way a protein is sorted through the plant endomembrane system. In particular, 
cardosin A’s PSI domain and its ability to reach the vacuole through a Golgi 
Apparatus-independent pathway has been tied to the absence of the conserved 
N-linked glycan structure, generally associated with this domain (Pereira, 2012). 
N-linked glycans are generally initially predicted through bioinformatics analyses 
at the time of the AP’s biochemical isolation, characterization and description. 
Experimental confirmation is not generally performed until much later, through simple 
biochemical assays, such as Endoglucosidase-H or PNGase F digestion, conjugated with 
western blotting for size-shift detection. Chlapsin was no different, one such glycan 
Figure 24) The ChloroP software (version 1.1) was used in the prediction of putative 
chloroplast transit peptides. The short version of the report (shown above) summarises 
the insufficient probability value for the detection of one such peptide, further hinting at 
a pathway independent of the TOC-TIC translocon complex. 
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being predicted at the PSI domain. However, due to the constant upgrade and 
development of the tools available to the community, a new analysis was performed 
for chlapsin, phytepsin and cardosins A and B. 
For this purpose, the web-based tool NetNGlyc (version 1.0) was employed. This 
tool functions by identifying the consensus sequence Asn-Xaa-Ser/Thr (where Xaa is 
not Pro) through a neural-network method. The resulting analysis returned the 
putative glycosylation of cardosin A’s N139 (NGTF), located in the mature protein’s 31 
kDa heavy chain, as well as cardosin A’s N432 (NVSF), located in the mature protein’s 
15 kDa light chain (Figure 25). 
Despite the relatively low probabilistic values of these predictions (60.36% for 
position 139 and 53.63% for position 432), the presence of these glycan structures has 
been experimentally confirmed by Endo-H and PNGase F digestion assays in previous 
studies (data not shown). 
The same pattern was detected for cardosin B – with two glycan structures 
predicted at the 34 kDa heavy chain, and the 14 kDa light chain (residues 139 and 397, 
respectively). Cardosin B’s PSI domain is also predicted to be glycosylated at position 
252, with a relatively high probability value (Figure 26). 
 
 
 
Figure 25) N-Glycosylation Potential for cardosin A. Despite the relatively low N-glycosylation potential 
detected at positions 139 (60.36%) and 432 (53.63%), the presence of these glycan structures have been 
experimentally confirmed through Endo-H and PNGase F digestion assays.  
Figure 26) N-Glycosylation Potential for cardosin B predicts the presence of three N-linked 
glycans, each in a different protein domain. At the 34 kDa mature chain’s N139, at the PSI’s N252 
and at the 14 kDa mature light chain’s N397. 
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Cardosin B’s prediction values are much stronger not because of a higher raw 
probability score (calculated as 66.71%, 69.90% and 56.19%, for positions 139, 252 and 
397, respectively), but due to a perfect “Jury Agreement” Score for the first two 
positions. The “Jury Agreement” parameter is tied to the different neural networks 
used for the computation of these probabilistic values (9 in total), and the score 
represents how many of these networks gave a higher than threshold probability (≥ 
50%) of a given site being glycosylated. 
Phytepsin’s analysis revealed a single, highly probable glycan structure, located in 
the PSI domain (399 NKTQ) (Figure 27). This structure has already been empirically 
confirmed by enzymatic digestion and drug assays (Glathe et al., 1998). Using these 
predictions as controls against possible false positive results, we proceeded towards 
the analysis of chlapsin’s amino-acid sequence. 
Chlapsin’s prediction revealed two putative glycosylation sites – these sites had 
already been predicted previously, although empirical confirmation remains pending. 
The second glycan is located at the end of the PSI domain, after the alanine-rich 
insertion, in residue 471 (Figure 28). 
 This initial analysis allowed us to understand that despite the alanine-rich 
insertion, chlapsin’s PSI is glycosylated, an important structural feature that might 
influence this domain’s putative role in protein sorting, with a relatively high degree of 
Figure 27) N-Glycosylation Potential for Phytepsin. NetNGlyc 1.0 predicts a single N-linked glycan 
structure, with a 73.46% probability and perfect jury agreement score, at the 399 NKTQ motif of 
phytepsin’s PSI domain. 
Figure 28) N-Glycosylation Potential for chlapsin. The NetNGlyc algorithm predicts the presence of an 
N-linked glycan structure at the N130, with a 73.99% probability and a perfect jury agreement score. A 
second glycan structure is predicted to be present at the PSI domain, with a 59.47% probability score. 
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confidence. 
 
3.5.2.2. Conserved Cysteine Residues and Disulphide Bridge Formation 
Plant APs are characterized by the presence of 12 conserved cysteine residues 
along their amino-acid sequence. Six of these cysteines are located in the PSI region 
and are known to be involved in disulphide bridge formation. Egas and collaborators 
(2000) have shown just how important these cysteines and their associated bridges are 
in the maintenance of cardosin A PSI’s three-dimensional structure and its lipid binding 
and lipid permeabilizing activities.  
We were particularly interested in analysing chlapsin’s PSI domain in relation to 
the presence of the six conserved cysteines, if the 80 a.a. alanine-rich insertion was 
sufficient for disrupting disulphide bridge formation, and if the six cysteines present in 
the other AP domains were capable of interacting, and somehow changing the bridge 
formation patterns in a PSI-only vs proAP context. 
The analysis was performed by resorting to the DisLocate tool – a two-stage web 
tool based upon a machine learning strategy and specifically designed for the 
prediction of a protein’s subcellular localization, prior to the computation of the 
cysteine bound state. This method is superior in the sense that it uses the predicted 
organelle’s chemical environment as a basis for the prediction of disulphide bridge 
formation. An initial analysis was performed with the isolated SP:PSI sequences (for 
correct subcellular targeting by the predictive algorithm) and the domains’ disulphide 
bridge topology was mapped as shown in Figure 29. 
 
It is interesting to note that, despite the 80 amino-acid long alanine-rich insertion 
in chlapsin’s PSI domain, this does not seem to compromise disulphide bridge 
formation thus hinting at a conserved 3-dimensional structure for this novel PSI. 
CdA PSI SP 
CdB PSI SP Ch PSI ALA Ch PSI SP 
Phy PSI SP 
Figure 29) Schematic representation of the predicted topological distribution of disulphide 
bridge formation in all PSI domains analysed. It is interesting to note that in the case of 
chlapsin’s PSI, the alanine-rich insert does not seem to compromise disulphide bridge 
formation, thus hinting at a structural conservation for this novel PSI domain. 
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In nature, however, PSI domains are part of a bigger structure and not an isolated 
entity by themselves. We were interested in understanding if the disulphide bridge 
distribution patterns were somehow modified, when the entire AP sequences were 
analysed. For this purpose, we repeated the previous analysis using the entire AP 
sequences for the prediction of S-S bridges (Figure 30). Indeed, the new analysis 
reveals completely new topologies in terms of bridge formation and a potentially 
strong interaction between the PSI domain and the proteinases’ light chains seem to 
be a predominant feature of plant APs. 
Phytepsin was used primarily as a control, given the high level of structural 
information available for this protein’s zymogen. Unfortunately, not only were the 
DisLocate predictions somewhat different from the crystallographic structure, we 
became aware that as a model this was not a very good choice, since it presented a 
completely different bridge formation pattern. Phytepsin possesses an interaction 
between the PSI and both the heavy and light chains of the proteinase, which might 
result in a slightly different exposure of this domain during protein trafficking and 
processing (Figure 31).  
The alanine-rich insertion of chlapsin’s PSI does not seem to be disruptive for 
bridge formation, and the two interactions between the PSI domain and the light chain 
are still predicted to exist, which hints at an overall structural conservation between 
cardosins and chlapsin, both at the PSI and whole AP levels. 
  
Pro SP PSI 31 kDa 15 kDa 
Cardosin A 
9 kDa PSI 26 kDa Pro SP PSI ALA 
Chlapsin 
Pro SP PSI 34 kDa 14 kDa 
Cardosin B 
Pro SP PSI 29 kDa 16 kDa 
Phytepsin 
Figure 30) The DisLocate tool will analyse protein sequence information in the 
search of putative targeting information. The identified subcellular organelle’s 
chemical environment is then taken into account for the prediction of cysteine 
bound state and disulphide bridge formation. Represented above are the different 
disulphide bridge topologies of the entire AP sequences. 
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3.5.4. Putative Phosphorylation Patterns 
Many hypotheses have been raised in terms of plant AP function but no definitive 
answer has yet been presented. Simões and coworkers managed to identify an 
interaction between cardosin A and cardoon’s phospholipase Dα (PLDα) (Simões et al., 
2005). Highly involved in abiotic stress responses and programmed cell death (PCD) 
mechanisms, this interaction with PLDα hints at a tightly regulated and broader 
biological function for cardosin A, when compared to other plant APs. 
Knowing that phosphorylation is a ubiquitous post-translational modification, 
capable of tightly regulating protein function and cellular physiology, we raised the 
hypothesis if such regulation could not be modulating plant APs. 
For this reason we ran a NetPhos analysis on cardosins A and B, chlapsin and 
phytepsin sequences, for the identification of putative phosphorylation sites. Even 
though the algorithm automatically associates any score above 0.5 as a positive 
phosphorylation site, our analysis revealed a series of locations with greater than 99% 
phosphorylation probability. For this reason we decided to increase the threshold for 
positive detection to 0.99, ignoring all other predicted sites. We were also careful 
enough to avoid the identification of any positive site identified in the immediate 
vicinity (a 5 residue window to either side) of the two catalytic triads (Figure 32). 
 This analysis returned three putative phosphorylation sites for cardosin A – T66, 
with a 99.1% probability score, is located in the prosegment, a domain known for its 
auto-inactivating function in plant APs, S126 with a probability score of 99.7%, located 
Pro SP PSI 29 kDa 16 kDa 
Phytepsin – Crystal Structure 
Pro SP PSI 29 kDa 16 kDa 
Phytepsin – DisLocate Prediction 
Figure 31) Comparison between disulphide bridge topology as predicted by the 
DisLocate tool and the crystallographic data for prophytepsin. The crystallographic 
structure differs significantly from the predicted topology for disulphide bridge 
formation, but neither of the data sets is in accordance to the predicted models for 
all other analysed APs. 
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in the 31 kDa heavy chain and S416, located at the 15 kDa light chain with a probability 
score of 99.2%. 
For cardosin B three sites were identified – S160 (99.6%) and S187 (99.3%) were 
both identified in the 34 kDa heavy chain, whereas the third site (S361, with a 99.1% 
probability) is located in cardosin B’s PSI domain. 
Chlapsin is relatively poor in highly probable phosphorylation sites, with only one 
being identified in the PSI domain – S447 with a 99.7% probability score. 
Phytepsin is also predicted to be phosphorylated in a single residue (S67) with a 
probability of 99.7%. This residue is the first residue in this AP’s heavy chain, as 
determined by protein sequencing, during protein maturation (Glathe et al., 1998). 
 
 
3.5.5. Putative Kinase Prediction 
After having successfully identified the most likely phosphorylation sites we 
performed an analysis in terms of kinase affinity. The prediction was performed by 
resorting to the KinasePhos 2.0 software and analyzing the most likely candidates for 
phosphorylation of the previously identified sites. The chosen threshold for filtering 
the results was a probability score ≥ 85%, though that value had to be lowered for 
some of the sites, in which the highest scored hit was considered instead. 
The predicted kinases and their respective scores are listed in Table 16. 
Coincidentally, the same two groups of enzymes are repeatedly chosen for most of the 
Figure 32) Graphic representation of NetPhos 2.0 phosphorylation site predictions for all APs analysed. 
Only probability scores ≥ 99.0% were considered and all predictions in a ± 5 residue window around the 
catalytic triads were discarded. All APs were predicted as being putatively phosphorylated, the search 
revealing further differences between apparently similar proteins. Cardosin A’s prosegment is the only 
phosphorylated prosegment, and both phosphorylated and non-phosphorylated PSI domains were 
identified. 
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identified sites – casein kinase II (CK II) and Ataxia Telangiectasia Mutated (ATM) 
kinase, whose homologues have already been described in the plant model 
Arabidopsis thaliana, and were identified through a protein BLAST (Table 17). 
 
Table 16) The most probable kinases involved in phosphorylation of the analysed APs were identified through the 
KinasePhos 2.0 prediction software. Since this software was originally designed for human proteins and kinases, 
all positive hits were further subjected to a protein BLAST analysis, for plant homologue identification in 
Arabidopsis thaliana. Only previously predicted phosphorylation sites were considered for kinase analysis and a ≥ 
0.85 threshold was maintained, whenever possible. When the threshold was considered excessive, the highest 
scored kinase prediction was considered instead. 
Plant AP Predicted Site Human Kinase Family 
Cardosin A 
T66  
(Pro) 
CK II (73.0%) 
PDK (73.0%) 
S126 
(heavy chain) 
PKB (90.0%) 
ATM (88.4%) 
S416  
(light chain) 
ATM (98.3%) 
Aurora (89.2%) 
CK II (88.9%) 
Cardosin B 
S160 
(heavy chain) 
ATM (97.2%) 
S187  
(heavy chain) 
Aurora (90.4%) 
CK II (84.7%) 
ATM (80.5%) 
S361  
(PSI) 
ATM (88.8%) 
CK II (75.5%) 
Chlapsin 
S447  
(PSI) 
ATM (96.2%) 
CK II (93.7%) 
Phytepsin 
S67  
(heavy chain) 
ATM (95.3%) 
CK II (92.3%) 
Aurora (88.4%) 
 
 
Table 17) Plant homologues for all previously identified human kinases were identified in Arabidopsis thaliana 
through a protein BLAST. Microarray data for these genes was analysed in order to identify the tissues that could 
be most relevant for these kinases’ physiological functions – represented in blue for higher-than-basal levels of 
expression or red, for lower-than-basal expression levels. ATM – Ataxia Telangiectasia Mutated, CK – Casein 
Kinase, PKB – Protein Kinase B, PDK – Pyruvate Dehydrogenase Kinase, SAM – Shoot Apical Meristem. 
Human Kinase Family Plant Homologues AGI ID Tissue Specificity 
ATM AtATM At3g48190 Seed, SAM, Pollen 
Aurora 
AtAUR1 At4g32830 Flower, Pollen, Seed 
AtAUR2 At2g25880 Seed, Flower, Pollen 
CK II 
AtCKA1 At5g67380 Pollen, Root, Leaf 
AtCKA2 At3g50000 Pollen, Root, Flower 
PDK AtPDHK At3g06483 Pollen, Flower, Seed 
PKB AtPK1 At3g08730 Pollen, Flower,Leaf 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
DISCUSSION
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Plant APs have been the subject of much speculation over the last decade. With 
much of their study based upon biochemical characterization and tissue-specificity 
localization, most plant AP’s functions are still debatable, with all sorts of putative 
roles being attributed to them – from proprotein processing, to programmed cell 
death and extracellular matrix reorganization events, much due to direct comparisons 
being drawn to their better understood animal and microbial counterparts (Mutlu and 
Gal, 1999; Simões and Faro, 2004; Pissarra et al., 2007). Some of these roles are also 
based upon the somewhat broader specificity displayed by some of these enzymes, 
such as cardosin B (Veríssimo et al., 1996). 
The two plant APs most regarded in this study – Cynara cardunculus’ cardosin A 
and Chlamydomonas reinhardtii’s chlapsin – display a much more precise catalytic 
specificity, with the latter being accumulated in the chloroplast and its catalytic activity 
modulated by nucleotides and energetic molecules (Veríssimo et al., 1996; Almeida et 
al., 2012). These intrinsic characteristics have hinted at their involvement in other 
more tightly regulated processes (Simões and Faro, 2004), an hypothesis that was 
further advanced with the identification of cardosin A’s intermolecular interaction with 
phospholipase Dα in pollen grains (Simões, 2005). 
 
 
The Plant Specific Insert’s Roles in Protein Sorting – A Working Model 
 
Previous work in plant aspartic proteinases has revealed that these domains, 
conserved only at the structural level, play an important role in protein sorting. 
Historically, the first strong observations were made with phytepsin, a vacuolar 
hydrolase which is secreted following removal of its PSI segment (Törmäkangas et al., 
2001), although other examples are also reported in the literature, such as cardosins A 
and B PSI domains (Pereira, 2012), or SoyAP1’s PSI domain (Terauchi et al., 2006). 
Other PSI domains have been explored in terms of vacuolar sorting, many being 
discarded as having no sorting function. Without the expression of these domains as 
isolated fluorescent chimaeras however, no definitive negative answer can be given for 
any of these domains. As has been demonstrated for cardosins A and B, plant aspartic 
proteinases will sometimes possess multiple VSDs, masking the functionality of any 
single one of these signals, when analysing the expression of their truncated versions. 
 It is then acceptable to assume that most PSI domains will play some role in 
aspartic proteinase sorting to the vacuole. Chlapsin is brought into this discussion as an 
aspartic proteinase which possesses both a unique PSI domain and a unique 
subcellular localization. As a glycosylated AP accumulating in the chloroplast’s stroma, 
chlapsin is an interesting model for studying both aspartic proteinase sorting events, as 
well as the recently described non-canonical protein pathway through the 
endomembrane system towards the chloroplast. 
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Extrapolating what is already known for the acidic APs, chlapsin’s PSI domain 
becomes an interesting novel target and a putative sorting motif to Chlamydomonas’ 
chloroplast. In this sense, several study hypotheses become relevant – chlapsin’s PSI 
domain might be recognized by an as-of-yet unidentified receptor protein, or 
chlapsin’s PSI domain might function by anchoring the protein to the membrane, 
facilitating the identification of another, also unidentified sorting motif, responsible for 
the correct targeting of this proteinase to the chloroplast (Figure 33). In this regard, 
the alanine-rich insertion located in this novel PSI domain might play a physiologically 
relevant role, as a highly enriched alanine sequence might have a certain degree of 
hydrophobicity associated to it (Figure 34). 
This alanine insert could be structurally associated with the PSI’s hydrophobic 
patch, increasing the surface-area available for PSI-membrane interaction events to 
occur, or even modulating this PSI’s biochemical properties in regards to these very 
same interactions. 
 
Studying this question by cross-linking the unicellular (Chlamydomonas 
reinhardtii) with the multicellular (Arabidopsis thaliana) photosynthetic model systems 
will undoubtedly reveal interesting new concepts in regards to PSI-mediated protein 
sorting. With this cross-linking in mind, we have started to prepare a series of 
constructs which will allow us to explore cardosin A trafficking in the unicellular model, 
as well as exploring chlapsin trafficking in a multicellular model.  
During this work, we attempted several Chlamydomonas reinhardtii 
transfection methodologies, which were unsuccessful – this barred us from testing the 
obtained chlapsin fluorescent chimaeras and led to our exploration of an array of 
different tests and diagnoses, initially by changing different variables in the protocols 
themselves. Only by the end of the project did we realise the problem was in the cells 
being used. Determination of the different strains’ sensitivity towards the non-ionic 
detergent P-40 revealed that the CC-3056 strain most likely possessed a cell wall – a 
Figure 33) A working model for the different PSIs’ putative function in protein sorting. 
Chlapsin’s PSI domain could be involved in anchoring the AP to biological membranes, 
facilitating the recognition of the chloroplast sorting signal by its associated receptor 
(A). Alternatively, the PSI domain may be the sorting signal, in which case a PSI receptor 
could be responsible for its identification and chlapsin’s correct sorting to the 
chloroplast’s stroma (B). PSI – Plant Specific Insert; PSI Rcp – PSI Receptor; Rcp – 
Receptor; SD – Sorting Determinant. 
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reasonable explanation for the unsuccessful transfection attempts. Testing of the 
fluorescent chimaeras obtained during this project should be performed on a different 
Chlamydomonas strain, such as the CC-406 strain, which we have demonstrated to be 
highly sensitive to NP-40. 
 
 
 
PSI Interacting Proteins – In the Search for a PSI Receptor 
 
As these domains’ function appears tightly associated with their 
three-dimensional structure, the chlapsin chimaeras obtained in this study could reveal 
the presence of more intricate levels of specificity or cellular control of this sorting 
determinant. As no conserved motifs have so far been identified between PSI 
sequences, it becomes tempting to suggest that this domain’s role in protein sorting 
might be primarily based upon its three-dimensional structure. Should this be true, 
then it would not be surprising to discover that unmodified chlapsin’s PSI sequences, 
or its alanine-lacking truncated version might be capable of vacuolar sorting in the 
higher plant models, in a similar fashion to cardosin B’s PSI domain. However, we 
should not discard the presence of other molecular mechanisms responsible for PSI 
identification and sorting, as not only are the PSI domains of both cardosins A and B 
capable of vacuolar sorting through different trafficking pathways, we have also 
observed that exchanging these domains, in the absence of the c-terminal VSD, will 
effectively result in the exchange of trafficking pathway followed by the cardosin 
under study (unpublished results). In this sense, chlapsin’s PSI could very well unravel a 
completely novel trafficking pathway that leads to the chloroplast in either of the 
models employed. 
 
The hypothesis that the PSI domain contains sorting information by itself, 
acting not as an anchor but as a sorting determinant in its own right has been 
 
  
 
Figure 34) A putative role for chlapsin’s PSI domain as a membrane anchoring domain in its sorting to the 
chloroplast. It is currently unknown whether chlapsin’s PSI domain plays a role in the protein’s sorting to 
the chloroplast. The same theories presented previously for cardosin A could apply. One of the most 
important questions that remains unresolved is how chlapsin reaches the stroma after being delivered to 
the intermembrane space. 
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reinforced for cardosin A and cardosin B, as the expression of their isolated PSI 
domains is sufficient for redirecting a secreted mCherry protein towards the vacuole. 
The search for PSI-interacting proteins is then a highly relevant scientific question, in 
our attempt at understanding this unique VSD, and its associated intracellular 
pathways. During this study we have attempted the identification of cardosin A’s 
PSI-specific interacting proteins in the germinating seed of Cynara cardunculus. 
Cardosin A has been shown to accumulate in the seed’s protein storage vacuoles 
through a GA-independent mechanism, which is hypothesized to be based upon the 
recognition of this domain as a VSD (Pereira et al., 2008). Preliminary results of our 
pull-down experiments shows some support towards the idea that the PSI domain 
could be interacting with other proteins, which could be a first step in understanding 
the specificity of each plant specific insert in terms of route to the vacuole – a 
mechanism which has been previously hypothesized to be dependent not on specific 
receptor-mediated recognition, but on protein aggregation phenomena. These 
preliminary observations come as reinforcement towards the idea that cardosin A’s 
physiological function might be more subtle and tightly regulated than initially 
proposed (Pissarra et al., 2007; Duarte et al., 2008).  
 
On the other hand, the already described capacity of cardosin A’s PSI domain in 
interacting with lipid membranes can not be suddenly discarded as irrelevant. In fact 
the big picture that is currently being drawn around these plant APs seems to indicate 
an inherent bifunctionality for these molecules (Egas et al., 2000), and cardosin A’s PSI 
domain could be responsible for facilitating other protein-protein interactions. This 
protease’s interaction with PLDα comes to mind (Frazão et al., 1999; Simões et al., 
2005), as the PSI could (in this particular physiological context) facilitate the contact 
between PLDα and cardosin A by anchoring cardosin A to the membrane. 
 
 
Plant Specific Inserts – A Comparative Analysis 
 
In this study we had the opportunity of analysing and comparing different PSI 
domains in relation to different structural characteristics and post-translational 
modifications. These comparisons were drawn with a relatively small sample of PSI 
domains, but have revealed some interesting new information nonetheless. 
 
The analysis of disulphide bridge formation and topology reveals interesting 
new information, particularly in relation to chlapsin’s PSI. We hypothesized that the 
alanine-rich insertion, although of considerable size, will probably not alter this PSI’s 
disulphide bridge topology. This observation is important in the sense that it gives us 
reason to believe this novel PSI should still have a relatively similar three-dimensional 
structure when compared with all other analysed PSI domains. 
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This raises questions regarding both the capability of chlapsin’s PSI domain of 
interacting with cell membranes, as has been demonstrated in vitro for cardosin A 
(Egas et al., 2000), and subsequently of its biotechnological potential as an 
anti-microbial peptide, as is currently being explored for the PSI domains of Solanum 
tuberosum aspartic proteases (Guevara et al., 2004; Muñoz et al., 2010). 
Studying the disulphide bridge topologies of the different PSI domains has also 
raised awareness against the indiscriminate use of prophytepsin, the only plant 
aspartic zymogen to have had its structure resolved so far, as a model for all 
PSI-related structural questions. Indeed, both the theoretical prediction and the 
published crystal structure reveal a topological pattern very different to the one 
calculated for all other APs (cardosins A and B, and chlapsin). 
This difference is tied to the apparent S-S bridge formation between this 
domain and the rest of the AP, in a way that means a higher degree of flexibility for 
phytepsin’s PSI, when compared with cardosins’/chlapsin’s PSI domains. This same 
issue is also apparent when comparing the disulphide bridge topology in the entire AP 
against its isolated PSI domain. An isolated PSI domain will in theory be much more 
flexible, which could complicate the interpretation of the pull-down experiments. 
Previous work by our group however, has demonstrated that when expressed as a 
fluorescent fusion protein, cardosin A’s PSI domain is still capable of reaching the 
vacuole in a GA--independent manner (Pereira, 2012), thus proving this domain’s 
sorting functionality remains intact and giving us some level of security in terms of the 
chosen methodology. 
We analysed AP post-translational modifications, starting with N-linked 
glycosylation. An N-linked glycan is a conserved structural motif for most PSI domains, 
and its absence has been linked with cardosin A’s PSI domain capability of bypassing 
the Golgi apparatus (Pereira, 2012). Chlapsin has been recently described as 
possessing two putative glycosylation sites – both in the 26 kDa heavy chain and the 
PSI domain, although their presence remains to be confirmed. 
O-linked glycosylation has also been shown to play important roles in mammalian 
protein sorting and its analysis in plant systems could prove equally relevant. Current 
predictive methodologies are only directed against human proteins and still rather 
lacking, making extrapolation of these findings to plant systems risky and 
unpredictable, which is the main reason we chose not to analyse these proteins’ 
O-linked glycosylation content at this time. 
 
The observation that all analysed PSI domains possessed a single conserved 
tyrosine residue (cardosin A’s Y323), tied to the previously presented hypothesis that 
plant aspartic proteases might be involved in more tightly regulated cellular events, led 
us to the search of putative phosphorylation sites in these proteins. Phosphorylation is 
a ubiquitous post-translational modification known to modulate cellular responses by 
signalling cascades that usually end in the activation or inactivation of effector proteins. 
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The prediction of such a post-translational modification can also be subject to false 
positives, which is the reason we resorted to such a stringent threshold (≥ 99.0% 
probability score) in our detection methodology. 
Our prediction revealed differing degrees of putative, but highly-likely, 
phosphorylation for all analysed APs. Particularly interesting is the theoretical 
prediction of both phosphorylated and non-phosphorylated PSI domains, as well as the 
presence of a phosphorylation site in cardosin A’s propeptide. These predictions bring 
cardosin A back to the spotlight as the de facto exception to the rule of typical plant 
APs. Plant aspartic proteinase propeptides have been hypothesized to be responsible 
for zymogen inactivation in non-acidic cellular environments (Simões and Faro, 2004). 
This default inactivation of the plant AP would protect the cell’s internal protein pool 
from precocious degradation, during the protease’s transit to the vacuole. The 
phosphorylation site in cardosin A’s propeptide raises the possibility that, in specific 
tissues or physiological conditions, the protonation generated by the protein’s 
exposure to acidic conditions could be neutralized by the phosphate’s negative charge 
in the propeptide, maintaining the structure’s overall charge constant, and the 
zymogen in an inactive form. 
Identification of the most probable kinases involved in this process, and the 
analysis of microarray data for Arabidopsis thaliana seems to indicate that the pollen 
grain could be a particularly relevant organ for the study of these questions, 
particularly since cardosin A has been identified as PLDα’s intermolecular interactor in 
this organ (Simões, 2005). Given the pH gradients usually formed during pollen tube 
germination and growth (Feijó et al., 1999), and PLDα’s role in membrane 
reorganization events, cardosin A could be involved in the modulation of PLDα activity 
in very specific tissue or physiological conditions. 
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During this study we were able to obtain preliminary confirmation that 
Arabidopsis thaliana is a good model for the transient expression and study of cardosin 
A sorting to the vacuole, as the protein was correctly targeted and no pathway 
overload was detected. Further confirmation of the system is required, and can be 
obtained through the use of dominant negative mutants of GTPases, and chemical 
compounds affecting the trafficking between cell compartments.  
 
The optimization of a novel fixation protocol for ultrastructural studies in 
Chlamydomonas reinhardtii will also open up the possibility for studying phenotypes 
emerging from chlapsin over-expressing transgenic lines – a methodology that could 
further hint at this AP’s physiological functions in the chloroplast. The use of a gelatine 
matrix is common-place in the processing of suspension cells (such as BY-2 cells) for 
transmission electron microscopy, but its application to microalgae has, to our 
knowledge, never been reported before. 
 
The molecular biology that was performed resulted in the creation of a series of 
molecular tools that will be essential for the progression of the work in the laboratory. 
Fluorescent cardosin A and chlapsin chimaeras will pave the way for the cross-linking 
of unicellular and multicellular model organisms presented in this dissertation, as well 
as allowing for a deeper understanding of PSI-mediated sorting mechanisms, and of 
chlapsin/cardosin A sorting to their respective organelles, in particular. Some work is 
still needed in this area however, as some of the fusion proteins were not completed 
or successfully subcloned into their respective expression vectors. We were also 
successful in determining the reason behind our failed attempts at transfecting the 
Chlamydomonas reinhardtii cells, and successfully identified a strain that should be 
compatible with the employed methodology. 
 
 In this work we also attempted the identification of proteins capable of 
interacting with cardosin A’s PSI domain in the germinating seed. Preliminary results 
hint at their presence, although further negative controls are still required to confirm 
the interaction’s specificity. In this sense, we managed to prove that the interaction is 
not due to non-specific binding to the sepharose matrix, but non-specific binding to 
the GST-tag is still undiagnosed at this time and should be performed prior to mass 
spectrometry identification of the eluted proteins. The very low yield of the pull-down 
might also come as a complication for the identification of the proteins present in the 
saline elution fractions. Further optimization of the seed extracts might be possible by 
lowering the buffer’s pH to a value that more closely mimics the interior of the ER/GA. 
 
 Furthermore, the bioinformatics predictions undertaken during this work 
manage to open up a wealth of novel scientific questions, particularly regarding the 
role of phosphorylation in plant AP function and sorting. The results obtained also 
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pave up the way towards the elucidation and identification of the molecular role 
associated with PSI-mediated protein sorting – a scientific question which might have 
important implications in plant AP physiology, protein sorting and biotechnology. 
 
In the end, it is possible to say that the main goals initially proposed were 
achieved, resulting in a series of molecular and biochemical tools that are available for 
multiple approaches that should result in the understanding of the PSI’s role in protein 
sorting, its importance in the context of the enzyme, and to unveil the chain of 
interactions this domain is responsible for. In light of the bioinformatics analysis 
presented here, new hypotheses are now proposed that should be further investigated. 
As a whole, this work has contributed towards a better understanding of plant aspartic 
proteinases’ biology. 
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